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ABSTRACT
An investigation has be< n made of the role of the four disulfide
bonds of bovine pancreatic ribonuclease in maintaining the protein in
a biologically active form. Studies were carried out to determine the
effect of reductive cleavage of these bonds on the ability of the enzyme
to catalyze the hydrolysis of ribonucleic acid. The appearance of sulf-
hydryl groups was taken as evidence that reduction of the protein had
occurred .
No significant reduction or loss of enzymic activity of ribonuclease
could be demonstrated when the protein was treated with the reducing agents
sodium or potassium borohydride in aqueouB solution at room temperature,
pH 8.
Thioglycolic acid was found to be an effective agent for reducing
ribonuclease disulfide bonds. At room temperature, in an aqueous solution
containing a Large excess of thioglycolate over protein, reduction pro
ceeded slowly at pH 8. At the end of five hours, approximately one
disulfide bond was broken, with the loss of 20 per cent of the original
enzyme activity. The addition of urea greatly facilitated reduction.
The rate of reduction was especially rapid in solutions of urea concen
tration greater than k molar. In 8 M urea at pH 8, treatment of ribo
nuclease with thioglycolate resulted in the complete loss of enzymic
activity in one half hour, with the simultaneous rupture of two or three
disulfide bonds. Under these conditions, maximum reduction was achieved
in approximately two hours, with cleavage of between three and four
disulfide bonds per molecule. In the pH range from 3 to 10, rate of
activity loss was most rapid at pH 10, slightly less rapid at pH 3, 8n&
reached a minimum near pH 5. The effects of pH and urea were additive
in that the maximum rate of inactivation occurred at pH 10 in 8 M urea
(97 per cent activity loss in 10 minutes), and the minimum rate st pH 5
in the absence of urea (20 per cent loss in 28 hours).
Inactivation was markedly inhibited by phosphate ions. A solution
of protein which was O.36 M in phosphate at pH 8 lost activity very slowly
when treated with thioglycolic acid, even in the presence of k M urea.
These findings, together with the observation of other workers that
polyvalent ions such as phosphate reverse the denaturetion of ribonuclease
in urea, suggest that phosphate inhibits reduction by stabilizing the
protein in its native configuration, whereas urea facilitates reduction
by denaturing the protein.
Air oxidation of fully or partially inactivated protein resulted,
in some cases, in the recovery of up to kO per cent of the enzyme activity
which had been lost as a result of reduction.
The relation between loss of activity and reduction was analyzed by
correlating the data obtained in those experiments in which both the
sulfhydryl concentration and the enzymic activity of samples of modified
protein were determined. The experiments were carried out under a variety
of conditions of pH and urea concentration. On the basi= of these data,
it is concluded that the inactivation of thioglycolate -treated ribonuclease
is probably not a unique function of extent of reduction, but depends in
part on the method by which the reduction is achieved.
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1.
I . INTRODUCTION
A. Some Aspects of Protein Structure
The structure of a protein molecule is determined In part by the
linear order of its constituent amino acids in one or more peptide chains,
and in part by the characteristic manner in which these peptide chains
are folded. In the following discussion, the linear arrangement of amino
acids connected by peptide bonds will be referred to as the primary
structure of the protein, whereas the spatial configuration or. folding
of the peptide chains will be known as the secondary structure. The
work to be presented in this report is concerned with the effect on the
enzyme ribonuclease of altering part of its secondary structure, specifi
cally, the disulfide linkages .
Methods for investigating the primary structure of proteins were
developed by Sanger (80, 83, 84), for insulin, and have been applied
to other proteins including ribonuclease (8, 40) . Although rather
difficult experimentally, the determination of the sequence of amino
acids in a single peptide chain is now a straightforward problem. No
methods, however, are available for the direct determination of the
secondary structure of proteins. Inform tion about spatial configura
tion is usually obtained by studying those properties of the protein
which are functions of molecular size and shape, such as diffusion,
light scattering, sedimentation, viscosity, hydrogen ion equilibria, and
optical rotation. X-ray diffraction studies of crystalline proteins
show promise of providing the most detailed information on the three
dimensional geometry of protein molecules.
The forces responsible for maintaining secondary structure may be
divided into the strong, directed, covalent bonds, exemplified by
I .J J
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disulfide linkages, and the weaker, more elusive interactions such as
hydrogen bonds, salt linkages, "hydrophobic" bonds and van der Waals
forces which are lumped together as non-covalent bonds (47).
1. Cova lent Bonds Responsible For Protein Folding
Although cross linkages through phosphate groups have been demon
strated in certain proteins by Perlmann (71), the principal covalent
bonds involved in the maintenance of protein secondary structure are the
disulfide bonds of cystine residues. These may link two separate peptide
chains, as in insulin (80, 84) or may Join two half-cystine residues of
a single chain as in ribonuclease (8l) and serum albumin (44). It has
been suggested by Schellman (85) that disulfide bridges increase greatly
the stability of the folded peptide configuration. These cross linkages
may stabilize the aggregates of hydrogen bonds which are primarily re
sponsible for protein folding, but which have little stability in them
selves. On the other hand, Tanford (96) has pointed out that the
disulfide cross links may interfere with the formation of "hydrophobic"
bonds and salt linkages by sterically hindering the appropriate portions
of the protein from approaching each other. The effect of this restraint
may be to decrease the stability of the secondary structure. Although
for a given protein there is no way of predicting which of these two
effects will predominate, the importance of disulfide bonds to the
structural and functional integrity of many proteins is illustrated by
the change in physical and biological properties which frequently accom
panies cleavage of these bonds. For instance, reduction of the disulfide
bonds of insulin, crotoxin, and lysozyme decreases the solubility of these
proteins (68). Reduction of insulin, crotoxin, and trypsin results in
loss of biological activity (58, 68).
['
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2. Non-Covalent Bonds Responsible for Protein Folding
In some proteins such as horse hemoglobin, several peptide chains
may be held together in a stable state without covalent cross links
between the chains (46, 72). The existence of non-covalent bonds must
be invoked, therefore, to explain the stability of such molecules. In
addition to cross links between peptide chains, intramolecular folding
is also determined largely by non-covalent bonds. Of these, the most
Important is probably the hydrogen bond (65). Within proteins, hydrogen
bonds exist between the carboxyl oxygen and amide nitrogen of peptide
bonds (1*3, 69), as well as between certain side chain groups. An example
of the latter is the postulated bond between a tyrosine hydroxyl and a
carboxylate ion (55)- Strong evidence for the existence of hydrogen
bonding in proteins has been obtained by infrared spectroscopy (17).
Other non-covalent intramolecular bonds which may be responsible for
protein folding are "hydrophobic" bonds (attractive forces between non-
polar side chains), van der Waals forces, and salt bridges between
positively and negatively charged side chains (47). Although hydrogen
bonds and other non-covalent bonds are weak forces individually, taken
together they provide the major forces holding a protein in its folded
configuration.
3- Denaturation
Denaturation may be defined as any change in the properties of a
protein which is not attributable to disruption of peptide bonds. This
process may be detected by a variety of physical, chemical, and biological
changes in the protein, such as decrease in solubility, changes in
molecular size and shape, increased reactivity of functional groups,
increased susceptibility to proteolytic digestion, and loss of biological
) , 1 u
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activity (73). The denaturation of a protein need not be accompanied by
all of these changes, but the occurrence of any one of them is sufficient
to establish that an alteration in secondary structure has taken place.
For example, urea, in concentrations which ordinarily denature proteins
by disrupting hydrogen bonds, has little effect on the optical rotation
of pepsin, and no effect on Its proteolytic activity (47, 92). Trypsin
(22) and pepsin (8) retain full enzymatic activity after partial reduc
tion of their disulfide bonds. More complete reduction of the disulfide
bonds of these two enzymes is, however, accompanied by inactivation (8,
58). Similarly, it has been reported that a preparation of partially
reduced ribonuclease can be obtained which has full enzymatic activity
and the same ultra-violet absorption spectrum as the native enzyme (4).
Agents which are responsible for the denaturation of proteins
include those which disrupt non-covalent bonds and those which break
disulfide or other covalent cross linkages. Thus, denaturation may be
brought about by physical agents such as heat, freezing, and irradiation,
chemical agents such as hydrogen and hydroxyl ions, organic solvents
(e.g. alcohol), detergents, and amides (e.g. urea), and by reagents which
split disulfide bonds, such as performic acid and thioglycolic acid.
It has been found that to achieve maximum denaturation of some proteins
it is necessary to use more than one denaturing agent. For example,
some of the disulfide bonds of insulin resist reduction unless the protein
is also treated with urea (60) . Presumably, urea unmasks the disulfide
bond making it available to the reducing agent (73).
Some proteins may be reversibly denatured in that they regain their
activity when the denaturing agent is removed. For instance, trypsin may
be boiled and rapidly cooled with no loss of activity, although at the
elevated temperature it no longer digests casein (73)- Kauzmann (47) has
1 )
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pointed out that the reversible denaturation of proteins in urea may
be
a function of the disulfide cross linkages which prevent the complete
unfolding of the protein molecule. Thus, serum albumin, which is
reversibly denatured in urea, becomes irreversibly denatured if its
cystine residues are reduced to cysteine.
B . Ribonuclease
1. Isolation and Properties
Ribonuclease was first crystallized in 1939 by Kunitz who
purified it from an acidic pancreatic extract by salt fractionation (52) .
McDonald modified the procedure by boiling the extract to eliminate
protease activity (63). The method of Kunitz and McDonald is used today
in the commercial preparation of crystalline pancreatic ribonuclease .
Ribonuclease, prepared by this method, can be fractionated into
two components by adsorption chromatography (62), ion exchange chroma
tography (36), and zone electrophoresis (74). The larger fraction is
known as ribonuclease A, the smaller as ribonuclease B, but the propor
tion of the two varies in different preparations. The two components
have similar physical *nd chemical properties and show the same specific
enzyme activity (8). According to titrimetric studies, fractions A and
B differ by only a single ionized carboxyl group (98).
The molecular weight of ribonuclease, based on its amino acid
composition, is 13,700 (38). Physical studies indicate that the protein
molecule is symmetrical and compact in shape (6, 14). Many cross
linkages are needed to maintain such a highly folded secondary structure
and these are provided both by disulfide bridges and by non-covalent
forces, Ribonuclease is a remarkably stable protein. Full enzymatic
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activity is recovered after incubation at room temperature for one hour
between pH 1 and pH 11. Heating to 100C . for 20 minutes at pH 5 also
does not lead to loss ^f activity (49). This unusual stability makes
the enzyme a convenient one with which to work.
2. Amino Acid Composition
The amino acid composition of ribonuclease A has been worked out by
Hirs, Stein, and Moore with the method of ion exchange chromatography (37).
The protein is made up of 124 amino acid residues including a relatively
high proportion of basic amino acids. Eight half-cystine residues have
been demonstrated (6). The isoionic point measured in dilute EC1 has
been reported to be 9.6 (99). There has been some controversy about the
existence of sulfhydryl groups in the native enzyme. Ledoux (56, 57)
reported that oxidized glutathione, parachloromercuribenzoic acid (PCMB),
and a number of other agents which react with sulfhydryl groups inhibit
ribonuclease activity. Zittle (104) found that treatment of ribonuclease
with iodoacetic acid and lodoacetamide resulted in slow inactivation of
the enzyme. However, a number of other investigators have found that
incubation of ribonuclease with iodoacetate, PCMB and oxidized glutathione
under mild conditions, in which these agents probably react with sulfhydryl
but not with other groups on the protein, did not affect enzymatic activity
(15, 16, 75)- It is possible that Zittle' s results may be explained by
the reaction of iodoacetic acid with lysine, histidine, and tyrosine
residues of the protein which occurs more slowly than the reaction with
sulfhydryl groups (51)- Most workers agree that there are no sulfhydryl
groups in native ribonuclease and that the half-cystine residues are all
linked by disulfide bridges (6).
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The ribonuclease molecule consists of a single peptide chain with
N-terminal lysine and C-terminal valine (5). Almost the entire amino
acid sequence of the protein has been determined by the independent
efforts of Hirs, Stein, and Moore (39, 40 ), and Anfinsen and his col
leagues (8, 76). The general method used by both groups has been the
isolation, analysis, and ordering of peptide fragments obtained by
proteolytic digestion of the molecule. Once the amino acid sequence
of a few remaining peptides is established, the primary structure of the
protein will be completely known.
3. Secondary Structure
Of special interest to the present study is the location of the
disulfide cross links of ribonuclease. This problem has been investi
gated by Ryle and Anfinsen (4, 8l), and Spackman, Stein, and Moore (40,
90), using the technique of amino acid analysis of cystine-containing
peptide fragments. The half-cystine residues are paired as follows:
I -VI, II-VIII, III -VII, IV-V, where the roman numerals refer to the
cystine residues in order, beginning, at the N-terminal end of the peptide
chain. Figure 1 (40) is a schematic representation of the ribonuclease
molecule showing the position of the disulfide cross links.
Evidence for hydrogen bonding in ribonuclease has been obtained in
a number of ways. The deuterium exchange studies of Linderstr^m-Lang
and collaborators (7, 45, 59) indicated that only 72 out of 122 imide
hydrogen atoms exchanged rapidly with deuterium in aqueous solution.
On the other hand, all the imide hydrogen atoms exchanged freely if the
disulfide bridges had been oxidized with performic acid or if the protein
were dissolved in 8 M urea instead of in water. Apparently, some of the
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Figure 1
Two-dimensional diagram indicating the positions of the four
disulfide bonds in native ribonuclease (40). The roman numerals refer
to the linear order of the half-cystine residues beginning at the
N-terminal end of the amino acid chain.
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hydrogen atoms are involved in bonds which preclude free exchange. If
the secondary structure is disrupted and the hydrogen bonds broken, all
the hydrogen atoms become freely exchangeable. The presence of hydrogen
bonding between the hydroxyle of tyrosine and carboxylate groups has been
demonstrated by Shugar (89), and Tanford and collaborators (97)- The
failure of some of the tyrosine residues to ionize in their usual pH
range probably indicates participation by these residues in hydrogen
bonds .
Further evidence implicating hydrogen bonding in the maintenance of
ribonuclease secondary structure has been obtained by Anfinsen and co
workers, who observed that the ultra-violet absorption, intrinsic vis
cosity, and optical rotation of the protein are altered when it is
dissolved in 8 M urea (4). (Urea disrupts intramolecular hydrogen
bonding by itself forming hydrogen bonds with appropriate groups on
the protein.) Complete reversal of the observed changes may be obtained
by removal of urea from the enzyme. In addition, partial reversal of
these changes can be obtained by the addition of a sufficient quantity
of polyvalent anions (e.g. 0.05 M phosphate) to the solution of protein
In urea (4). Under these circumstances, the ultra-violet absorption
reverts to that of native ribonuclease, but measurements of optical
rotation and intrinsic viscosity indicate that the protein in the
presence of urea and phosphate remains in a partially unfolded state.
Anfinsen had previously noted that ribonuclease in 8 M urea had full
enzymatic activity (7). On the basis of the above observations he
postulated that ribonucleic acid may be capable of partially refolding
the protein in the presence of 8 M urea, the substrate acting in this
respect like other polyvalent anions. That the protein seems to be partly
unfolded in the presence of urea and phosphate, and, presumably, also in
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the presence of urea and ribonucleic acid, may mean that catalytic
activity is not necessarily destroyed by a limited degree of modification
of the secondary structure .
4. Enzymatic Properties
Pancreatic ribonuclease degrades ribonucleic acid in two stages.
First, the phosphodiester bond linking the 3' position of a pyrimidine
nucleoside to the 51 position of the next nucleoside in the RNA chain
is split with the formation of the pyrimidine nucleoside 2' , 3' -phosphate
This step is relatively rapid. The cyclic pyrimidine nucleoside phos
phate is then slowly hydrolyzed by the enzyme to yield the nucleoside
3'-phosphate (26).
HOCM
-ROH
+ ROH
HOCH
+ HxO
Phosphodiester of
pyrimidine nucleoside
Pyrimidine nucleoside
2', 3* -phosphate
Pyrimidine nucleoside
31 -phosphate
Assays for ribonuclease activity usually involve a spectrophotometric
measurement of either the first or the second stage of the catalytic
process .
The optimum pH for ribonuclease activity is close to 7.7 both for
the first (52) and second stage (10). The enzymic activity is markedly
dependent on the ionic strength of the medium (29). Certain ions such
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as Cu++, Zn (15, 104) and some other polyvalent ions such as heparin (78)
and desoxyribosenucleic acid (34) inhibit activity. Products of ribo
nucleic acid digestion have also been found to act as inhibitors (15, 19)
5. Modification of Ribonuclease
The relationship between structure and biological activity of
ribonuclease has been studied by a number of workers. Richards (77)
has shown that a change in primary structure resulting from the cleavage
by the enzyme subtilisin of a single peptide bond 20 amino acid residues
from the N-terminal end of the chain, with subsequent separation of the
fragments, yields two peptide chains neither of which has significant
enzymatic activity. Recombination of the two fractions results in
restoration of activity. Limited digestion of ribonuclease with pepsin
at pH 1.8 results in the splitting of a single bond four amino acid
residues from the C-terminal end and in Inactivation of the enzyme (4).
However, degradation of the protein with carboxypeptidase which has been
pre treated with diisopropylfluorophosphate removes the C-terminal valine
and a variable amount of the two adjacent residues, serine and alanine,
with no loss of activity (4). This would seem to implicate the removal
of the aspartic acid residue, which is fourth from the end, in the
inactivation brought about by pepsin.
It has also been demonstrated that certain chemical modifications
of the enzyme result in changes in activity. Klee and Richards (48, ^9)
have shown that guanidlnation of nine of the ten lysine residues of
ribonuclease does not affect enzymatic activity, whereas guanidlnation of
the tenth lysine results in complete inactivation. Taborsky (95) has
shown that treatment of ribonuclease with diphosphoimidazole and Ca
under mild alkaline conditions results in phosphorylation of certain
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epsilon amino groups of lysine and complete loss of activity. Inacti
vation is also brought about by photooxidation of histidine residues as
shown by Weil and Seibles (102) .
C. Reactions of Protein Disulfide Bonds
The disruption of disulfide bonds is frequently an important part
of an investigation of protein structure. The purpose of such a step is
twofold: first, the clarification of the role of these disulfide bridges
in the structure of the protein, and second, the facilitation of enzymatic
degradation of the protein which is a consequence of cleavage of the
disulfide cross links. It has been found by many investigators that
rupture of the disulfide linkages may be difficult to accomplish without
preliminary unfolding of the protein to unmask these bonds. In the case
of performic acid oxidation of the disulfide bonds, the oxidizing agent
itself is sufficiently powerful to disrupt the secondary structure of
the protein and thereby react with all the disulfide groups. However,
with milder agents such as mercaptans, sulfites, or borohydrides, it is
usually necessary to treat the protein with urea or some other unfolding
agent if cleavage of all the disulfide groups is to be attained.
1. Performic Acid Oxidation
Rupture of the disulfide bridges of proteins by performic acid
oxidation results in the conversion of cystinyl groups to cysteic acid
residues. This procedure, however, destroys tryptophan residues and
quantitatively converts methionine to the sulfone (67). Both insulin
which contains no tryptophan or methionine, and ribonuclease, which has
methionine but no tryptophan, have been oxidized with performic acid (6,
82). Oxidized ribonuclease is enzymically inactive (3).
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2. Reactions with Sulfite
The undesirable side effects of performic acid oxidation have led
to a search for other means of breaking protein disulfide bonds. Bailey
and Swan have studied the reaction of proteins with sulfite (9, 94). In
the presence of cupric ions, cystinyl residues are converted to S-sulfo-
cysteyl groups. This reaction shows a high degree of specificity, but
its usefulness is presumably limited because of difficulties with the
analytical procedures needed to determine the extent of reaction (67) .
Recently, however, the sulfite reaction has been applied by Pechere
et al. (70) to the cleavage of the disulfide bonds of trypsinogen and
chymotrypsinogen. These workers, as well as Bailey and Swan, carried
out the reaction in 8 M urea. The extent of the reaction was determined
by polarography and incorporation of Sjy sulfite . Although the formation
of S-sulfo trypsinogen and S-sulfochymotrypsinogen involved some modifica
tion of the secondary structure of the native proteins, gross molecular
integrity was retained and the authors feel that this method may have
general applicability to the structural analysis of proteins.
3. Reduction
Another method used to break disulfide bridges is the reduction of
these bonds under conditions sufficiently mild to minimize other changes
in protein structure . Whenever some but not all of the disulfide bonds
in a protein are broken, it is desirable to measure the specificity as
well as the extent of reduction. One may then determine whether partial
reduction is the result of random cleavage of the disulfide bonds or
whether certain bonds are broken more easily than others. Lindley (60)
for example, found that tne intracbain disulfide bond of the A chain of
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insulin was reduced preferentially over the interchain disulfide bridges.
Information about the sequence and speed of reduction of disulfide bonds
may be obtained by studying the homogeneity of the partially reduced
protein. Fraenkel-Conrat (24) showed that a sample of partially reduced
lysozyme was composed of two clearly defined fractions, one fraction con
sisting of almost completely reduced molecules and the other of unreacted
molecules. Such a finding indicated that the reduction of the first one
or two disulfide bonds in a given molecule was a rate limiting step which
was followed by the rapid reduction of the remaining disulfide linkages
of that molecule.
Various agents have been used in attempts to reduce protein
disulfide bonds. Early studies, particularly with insulin, employed
such methods as catalytic hydrogenation (2, 25) and reaction with
cyanides (12, 18) . These methods proved unsatisfactory and have been
supplanted by the use of mercaptans and, very recently, borohydrides .
a. Sodium borohydride . Sodium borohydride, as described by
Schleslnger (86), is a stable reducing agent which can be used conveniently
in aqueous solution. It has been used to reduce the disulfide bonds of
lipoic acid (32), wool (28), insulin (20), and bovine serum albumin (91).
Recently, Moore and his colleagues have used sodium borohydride to
break the disulfide bonds of ribonuclease (67). Following the reduction,
the protein was alkylated by treatment with iodoacetic acid. The extent
and specificity of reduction were determined by smperometric titration
of sulfhydryl groups, Alexander's n-ethylmaleimide method for sulfhydryl
groups (1), and analysis of the amino acid composition of hydrolysates of
the alkylated reduced protein. It was found that complete reduction
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could be achieved relatively rapidly in aqueous solution at 51 C. At
4lC, however, the reaction went to completion quickly only in solutions
of urea concentration greater than 4 molar. Amino acid analysis indi
cated that the specificity of both the reduction and the alkylation was
fairly high, with recovery of over 90 per cent of all the amino acids
of the native protein except for cystine. Cystine was recovered, in
good yield, as the reduced, alkylated derivative, S-carboxymethylcysteine .
These investigators have also been able to reduce the cystine residues
of trypsinogen, lysozyme, chymotrypsinogen, and /3-lactoglobulin under
the same conditions.
b. Mercaptans . Since 1925 when Hopkins (42) found that the
disulfide groups of proteins could be reduced by treatment with cysteine,
glutathione, or thioglycolic acid, a number of mercaptans have been
used to bring about the reduction of a variety of proteins. Insulin (60,
101), lysozyme (24), and lens protein (18), are among the proteins whose
disulfide bridges have been reduced by thioglycolate, cysteine, mercapto-
ethanol, and other thiols. Most reductions have been carried out in
slightly alkaline solution, but the reaction has also been carried out
at pH 5, and in one report, some reduction was achieved at pH 2 (93).
The reaction has frequently been run in 8 M urea. Several workers have
found thioglycolic acid to be the most effective mercaptan for the reduc
tion of the disulfide bonds of some proteins (21, 64, 88).
The reduction of protein disulfide bonds by mercaptolysis has the
important advantage of specificity. However, the extent of reduction
cannot be determined directly by sulfhydryl assay unless the mercaptan
reducing agent, which is present in considerable excess, is separated
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completely from the protein. This may be accomplished by dialysis,
precipitation of the protein, and similar procedures. An alternative
is to stabilize the protein sulfhydryl groups (e.g. by alkylation) and
then to submit the protein to amino acid analysis. The number of alky
lated cysteine residues is determined in this manner.
The mechanism of the reduction of disulfide bonds by simple mercap
tans has been studied by Lamfrom and Nielsen (54) using as a model the
reduction of cystine by thioglycolic acid. These investigators have
shown that the mercaptolysis proceeds by the following exchange reaction:
RSH ;= SS" + E
+
R~ + CSSC ^= CSSR + CS"
CSSR + RS" ^ RSSR f CS"
CS" t H+ ?= CSH
where CSSC - L-cystine; CSH = L-cysteine; RSH = thioglycolic acid;
RSSR = dithiodiglycolic acid; RSSC = "mixed" disulfide. The reactive
form of the mercaptan in this scheme Is the mercaptide ion. Comparing
their findings for simple disulfides with the reactions of protein
disulfide groups, Lamfrom and Nielson noted that it is relatively more
difficult to achieve complete reduction of the protein. This necessitates
the use of urea in protein systems. The authors suggest that the incom
plete reduction in the absence of urea may not be due to masked disulfide
bonds, as has usually been thought, but to an intermoleculfir reshuffling
of disulfide bonds catalyzed by the mercaptan reducing agent. New
disulfide links formed in this way may be resistant to reduction because
of stabilizing forces such as hydrogen bonds, hydrophobic bonds, etc..
Evidence for similar disulfide exchange reactions has been obtained
by Ryle and Sanger (79). These investigators found that the exchange
reaction between L-cystine and NN' -bis-2:4-dinitrophenyl-L-cystine was
catalyzed by thiols in neutral or alkaline solution, but inhibited by
J'
1
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thiols in acid solution. It was suggested that the reason for the
catalysis in alkaline solution was the rapid rate of formation of
mercaptide ions in such solutions. However, the reason for the inhibi
tion in acid solution was not understood.
Anfinsen and his colleagues have recently carried out an extensive
study on the reduction of the disulfide bonds of ribonuclease by thio
glycolic acid, and the effect of this reduction on enzymatic activity (4,
87, 88). Extent of reduction was determined by titration of protein
sulfhydryl groups (after removal of thioglycolate ) with PCMB and by
amino acid analysis of alkylated reduced protein. The two methods gave
comparable results. It was found that thioglycolate brought about the
rapid reduction of ribonuclease in 8 M urea at pH values near 8. How
ever, in the absence of urea, only two of the four disulfide bridges
were reduced. Measurements of the activity of the partially reduced
enzyme led to the conclusion that one or perhaps two of the disulfide
bridges were not essential for activity. Examination of the data
presented, however, reveals that activity is lost more or less simul
taneously with rupture of disulfide bonds and that the conclusion that
any of these bonds is not essential for activity is open to question.
These workers have also been able to obtain some regeneration of
enzymatic activity following reoxidation of sulfhydryl groups with
molecular oxygen. They have some evidence which suggests that under
these conditions there may be partial reformation of the original
disulfide bonds.
The effect of reduction of disulfide bonds on biological activity
has been examined for several other proteins. Fraenkel-Conrat et el. (24)
found that reduction of the disulfide links of lysozyme in 8 M urea is
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accompanied by rapid disappearance of enzymatic activity. In the case
of insulin, it has been found that reduction of one third of the disulfide
bonds results in complete or nearly complete Inactivation (23, 103)^ In
the light of Lindley's finding of preferential reduction of the intrachain
disulfide bond (60), these results would seem to indicate that cleavage
of this one bond leads to loss of biological activity. One attempt to
restore the activity of insulin by reoxidation of the protein resulted
in failure (23).
The data reported in this thesis are concerned with the effects of
reduction of the disulfide groups of ribonuclease on the activity of
this enzyme. At the time these studies were begun, there were no reports
In the literature on this subject. The papers which have subsequently
appeared, notably those of Anfinsen and Moore, have been discussed in
the preceeding paragraphs.
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II. MATERIALS AND METHODS
Ribonuclease . Crystalline bovine pancreatic ribonuclease, Lot No. 38I-O59,
supplied by Armour and Co., was used without further purification. This
preparation consists of ribonuclease A and ribonuclease B in the approxi
mate ratio of nine to one.
Spec trophotome trie measurements . A Beckman model D.U. spectrophotometer
was used throughout these experiments. All readings were carried out at
room temperature.
Hydrogen ion concentration. pH measurements were carried out at room
temperature with a Photovolt, model 125, pH meter which was calibrated
with standard buffers prepared according to the recommendations of the
National Bureau of Standards.
Reducing agents . Sodium and potassium borohydrides were supplied by
Metal Hydrides, Inc., Beverly, Mass. Thioglycolic acid was obtained
from Matheson, Coleman and Bell Division, Matheson Co. .
Other materials will be listed in the sections below. Unless
otherwise indicated, all chemicals mentioned were used as supplied by
the manufacturer, without further purification.
A. Sulfhydryl Determinations
1. Amperometric Titration
Sulfhydryl groups were measured, on occasion, by amperometric
titration according to the method of Kolthoff and Harris (50). This
method is based upon the reaction of an ammoniacel solution of silver
nitrate with the mercaptan according to the equation,
Ag(NH-)- +HSH ) RSAg + NH,+ + NH,
o - ^ j
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2. Nitroprusside Reaction
Occasionally, sulfhydryl groups were determined colorimetrically
by the nitroprusside reaction. The method used was that described by
Grunert and Phillips (31).
3- N-e thylmale imide Assay
N-ethylmale imide (NEMI) was purchased from Schwarz Laboratories,
Mount Vernon, N.Y. This reagent reacts stoichiometrically with mercap
tans according to the following equation,
0 0
II 'I
KbH ~r
ur ,N~cxHs > I N-G,H*HCv.r/ HCH /
r 0I NEtfi
Aqueous solutions of NEMI have an absorption maximum near 300 millimicrons.
The mercaptan addition products have very low absorption, in general, at
this wavelength. The change in optical density at 300 millimicrons that
occurs during this reaction has been made the basis of a sulfhydryl assay
procedure by Alexander (1). The change in optical density is assumed to
represent the change in NEMI concentration and thus serves as a measure
of the amount of mercaptan added. A 0.001 M solution of NEMI in 0.1 M
phosphate buffer at pH 6.8 has an optical density of 0.620 at 300 milli
microns (1,j0). Mercaptans added to this solution to give concentrations
between 0.0001 and 0.0009 M produce an optical density change proportional
to the concentration of mercaptan. The composition of the solutions used
in a typical assay is given in Table 1.
IJj , I
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Table 1
PROTOCOL FOR TYPICAL NEMI ASSAY
Solution Initial Phosphate Buffer R-SH Measured
NEMI pH 6.8 unknown Optical Density
(0.1 to 0.9 mM) (300 m/x)
1 1.0 mM 0.1 M x mM
2 1.0 mM 0.1 M None
3 None 0.1 M x mM
The concentration of the unknown mercaptan solution was then calculated
as follows,
A2 - (ArA3)
x = mM
0.620
A^ was measured in each case to compensate for errors in dilution or minor
degrees of deterioration of the NEMI solution, although it never varied
much from 0.620 in optical density. The assumption In the use of this
method is that compounds I and II (see equation on p. 19) have the same
molar absorption at 300 millimicrons, and therefore that any difference
between initial and final absorption is due only to a change in the con
centration of free NEMI. This assumption Is questionable. A more
general approach is the following.
Small aliquots of NEMI are added to a given solution of mercaptan.
The absorption of the solution is measured after each addition and plotted
as a function of the total amount of NEMI added. Assume the following
symbolism:
Al
A2
A3
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A = measured absorption of the mixture
a\ = molar absorbancy of I
a2 =
" " "
II
a3 =
" " "
NEMI
c? = initial concentration of I
c = concentration of total NEMI added
During first additions, the mercaptan is in excess, the added NEMI
reacts quantitatively, and only compounds I and II are present in the
solution.
A = a-^ (c-, - c) + a2c (c < c)
= axc + (a2 - a1)c
After the end point of the titration the mercaptan has reacted quantita
tively and only compound II and NEMI are present in solution.
A = a2c + a3(c - c) (c > c)
: (&2 ~ &t)v + a^c
At the endpoint,
A = a0c?
a 1
C = C
Since A is a linear function of c both in the region of sulfhydryl
excess and in that of NEMI excess, the intersection of two straight lines
gives the equivalence point as shown in the diagram (Figure 2) .
Although it was thought that this modification of the assay des
cribed by Alexander had some theoretical advantages, it was found that
in the measurement of samples of the reduced protein, the two methods
agreed very closely. This corresponds to the observation that the initial
portion of the titration curve (region of sulfhydryl excess) was usually
horizontal, indicating that compounds I and II have approximately the
same optical density at 300 millimicrons.

FIGURE 2
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NEMI ASSAY
TITRATION METHOD
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One further variation was introduced when it was found that reduced
ribonuclease, which is less soluble than the native enzyme, often
precipitated out of solution during the NEMI assay. Since the reduced
protein was much more soluble in urea than in water, the assay was set
up with four or eight molar urea in all solutions. The method of col
lection of the reduced protein was also modified so as to keep it in
solution. (See Section II-B-2.)
When the sulfhydryl concentration of a given solution of thioglycolic
acid was determined by assaying both in water and in 8 M urea, the assay
in urea indicated a sulfhydryl content about 10 per cent lower than that
obtained in water. The reason for this difference was not apparent.
With few exceptions, and these clearly indicated, the NEMI assay was used
for all sulfhydryl determinations reported in this paper. This assay
has the distinct advantage that the sulfhydryl content of an unknown
solution can be determined directly by optical density measurements, and
need not be determined by comparison with standard mercaptan solutions
which are difficult to store without loss of sulfhydryl groups.
In agreement with the findings of Gregory (30), distilled water
solutions of NEMI were found not to change in optical density during a
one month period of storage in the cold, although at pH 6.8 the reagent
was unstable. NEMI was generally prepared as a 0.004 M stock solution,
and, immediately before assay, was brought to pH 6.8 with phosphate
buffer. The reaction between NEMI and simple mercaptans such as cysteine
or thioglycolic acid was found to be very rapid, the entire detectable
change in optical density occurring within the first minute. When the
solutions used in the assay were made 8 M in urea, the buffer was adjusted
to pH 6.8 after the addition of urea. It was found, however, that varia
tion in the pH from 6.5 to 7.3 had little effect on the assay.
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Before attempting to measure the sulfhydryl groups of reduced
ribonuclease, the assay was tested on a protein of known sulfhydryl
content. A solution of aldolase, prepared according to the method of
Taylor et al. (100), was obtained from Dr. S. Rieder. It was found
that thiB particular preparation of aldolase contained, in two separate
determinations, 22 and 23 equivalents of sulfhydryl per mole of protein.
Benesch et al. (11), using the method of amperometric titration, have
reported that aldolase contains 20 reactive sulfhydryl groups per mole
cule and an additional 9 which become available upon denaturation with
8 M urea .
B. Separation of Protein from Reducing Agent
1. Precipitation of Prote in
Repeated washing and precipitation is a standard procedure for
desalting a protein. This method was applied to the separation of ribo
nuclease from thioglycolic acid.
The results of precipitation and washing of native ribonuclease
with 95 per cent ethanol were compared with those obtained by precipita
tion with 5 per cent trichloroacetic acid followed by washing with ether.
Although fully active protein was recovered in each instance, the use of
alcohol gave a higher percentage of recovery of protein. Therefore,
this method was chosen for the precipitation of the reduced enzyme. A
typical reduction, followed by alcohol precipitation of the protein is
described below.
A 1.0 per cent solution of ribonuclease was incubated at pH 8.5 with
0.3 M thioglycolic acid, 0.05 M tris Ltris(hydroxymethyl)am;.nomethane 1
buffer, and 0.5 x 10" M ethylenediaminete traacetic acid (EDTA). At the
end of the period of reduction, two volumes of 2, M, pH 5 acetate buffer
were added to the solution. (it was thought initially that acidification

24.
to pH 5 would stop the reduction reaction, although subsequent work has
shown this not to be the case.) This was followed by the addition of
five volumes of a solution 95 per cent in ethanol. 9.96 M in pH 5
acetate buffer, and 1.0 x 10"^ M in EDTA. The precipitate- obtained
after centrifuge tion was washed twice with 95 Per cent ethanol and
centrifuged after each washing. The final precipitate was dissolved in
0.02 M, pH 5 acetate buffer. Occasionally, the precipitate could not be
dissolved unless urea was added to the solution of buffer. The sulfhydryl
concentration of the solution obtained was determined by the NEMI assay
and the protein concentration by the Folin-Lowry assay. The supernatant
solutions from the washings were also analyzed for sulfhydryl concentra
tion.
Although thioglycolic acid could be eliminated virtually completely
by washing twice with an excess of ethanol, only very small amounts of
protein sulfhydryl could be demonstrated. It was thought that complete
separation of the reducing agent from the protein might be followed by
air oxidation of the reduced ribonuclease. The procedure was modified,
therefore, so that a small measured amount of thioglycolic acid was
allowed to remain with the protein in the final precipitate. It was
hoped that the presence of small amounts of reducing agent would prevent
the oxidation of protein sulfhydryl groups.
After precipitation with an excess of ethanol, the protein was
centrifuged but not washed, and the sulfhydryl concentrations of both
the precipitate and supernate determined. The concentration of thio
glycolic acid in the precipitate was assumed to be the same as that in
the supernate. The concentration of protein sulfhydryl was then deter
mined by subtracting the concentration of thioglycolic acid from the
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total thiol concentration of the precipitate. The volume of the
precipitate was obtained by weighing and measuring the specific gravity
of this fraction. The total number of ribonuclease sulfhydryl groups
could then be determined .
Several difficulties appeared in the application of this method.
Since the thioglycolate -treated protein was less soluble than the native
enzyme, solutions containing reduced protein were often turbid or frankly
cloudy and could not be assayed accurately for sulfhydryl content by the
NEMI method. The presence of thioglycolic acid in the solutions of
reduced protein also decreased the sensitivity of the measurement of
protein sulfhydryl groups. The procedure was modified again, therefore,
so that after the initial alcohol precipitation, the protein was centri
fuged, then washed once and centrifuged again. Now only a small amount
of thioglycolic acid remained in the final ribonuclease solution. This
modification increased the sensitivity of the assay for protein sulfhydryl
groups, but also increased the risk of incurring air oxidation of these
groups. In addition, the turbidity of solutions containing large amounts
of reduced protein continued to interfere with spec trophotome trie
procedures. Although it was possible to detect some reduction of the
protein under these conditions, it became clear that a more satisfactory
method for the separation of ribonuclease from reducing agent was needed.
2. Anion Exchange
Thioglycolate was separated from ribonuclease by the method of anion
exchange using Amberlite IRA 400 resin, 20-50 mesh (Rohm and Haas). The
resin was washed by repeated cycling, with 1 N NaOE end 1 N HC1, and then
converted to the chloride or acetate cycle by washing with 1 N hydrochloric
or 1 N acetic acid.
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In a typical experiment, one ml. of a solution containing less
than 350 mM of thioglycolate was added to a column approximately 1.2 cm.
in diameter, and containing five to eight ml. of settled resin. The
solution was allowed to run into the resin at the rate of about one drop
per second, and the rate of flow then decreased to one drop every twenty
or thirty seconds. The column was then washed with distilled water or
solutions of 4 M or 8 M urea . The effluent was collected in graduated
centrifuge tubes or cylinders .
It was necessary to establish that all the thioglycolate used to
reduce the enzyme could be removed in one passage through the column.
One ml. of a solution containing twice the concentration of thioglycolate
usually employed in the reduction of the enzyme was added to the column
and the effluent tested for sulfhydryl groups. At pH 9, all the thio
glycolate was exchanged by the resin in the chloride cycle. At pH 3 and
pH 5, however, approximately one half to one per cent of the thioglycolate
added appeared in the effluent . This amount of mercaptan would be suf
ficient to introduce a large error in the protein sulfhydryl determination.
When the resin was converted to the acetate cycle, however . the thio
glycolate was completely exchanged at pH 3 and pH 5 as well as at pH 9.
An additional check on the efficiency of the column in removing
thioglycolate was the demonstration that following a period of incubation
at room temperature, if a mixture of protein and thioglycolate were added
to the resin (chloride cycle, pH 8), two successive effluent fractions
contained proportionate amounts of protein and sulfhydryl. This meant
that the sulfhydryl groups which appeared in the effluent had come
through with the protein. It seemed probable, therefore, that this sulf
hydryl was actually part of the protein molecule.

27-
Further evidence that the column selectively removed thioglycolate
was afforded by the following, experiment. Ribonuclease and thioglycolate
were mixed under conditions in which no reduction of the protein occurred.
The reaction mixture was passed through the column (chloride cycle, pH 8).
No sulfhydryl groups could be demonstrated in the effluent.
It was found that native ribonuclease could be recovered from the
column in good yield without loss of activity. Because the reduced pro
tein was less soluble than the native enzyme, on some occasions protein
which had been treated with thioglycolic acid precipitated out of the
effluent solution, making impossible the spectrophotometric assay for
sulfhydryl groups. If solutions of urea, instead of distilled water,
were used to wash the column, the reduced protein remained in solution.
The NEMI assay was then carried out with all solutions having the same
concentration of urea as was used in washing the column.
Since reoxidation of the sulfhydryl groups of reduced ribonuclease
may occur very rapidly in air, the column effluent was usually collected
under nitrogen. The exposure to oxygen was reduced to the few seconds
needed to add the effluent to the NEMI solutions for sulfhydryl assay.
C . Ribonuclease Activity Assays
1. Anfinsen Assay
This assay, a modification of the one described by Anfinsen (6),
depends on the determination of the number of nucleotides liberated
during the enzymatic hydrolysis of ribonucleic acid. It measures the
first stage of ribonuclease activity.
The ribonucleic acid substrate was prepared as follows. A ten per
cent solution of Schwarz yeast nucleic acid in 0.1 M sodium chloride was
precipitated with one fifth volume of glacial acetic acid and three
volumes of 95 per cent ethanol. The resulting precipitate was washed
! J >
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approximately four times with 75 Pe** cent ethanol in 0.02 M sodium
chloride. The precipitate was then dissolved in sufficient 0.1 M
acetate buffer at pH 5 to make the concentration of the final solution
one half to one per cent in ribonucleic acid. If the optical density
of the blank in the assay exceeded 0.200 at 260 millimicrons, the
nucleic acid wasfreprecipitated and washed repeatedly until the blank
fell below this value .
A solution containing less than 10 micrograms of ribonuclease in
five to ten microliters was incubated with one ml. of ribonucleic acid
substrate at-25C. for 15 minutes. The reaction was stopped by precipita
tion with one ml. of a solution containing 0.5 per cent uranyl acetate
and 2.5 per cent trichloracetic acid (4l). The resulting precipitate
was allowed to settle for five minutes, and then centrifuged. The
optical density of a one to eleven dilution of the supernatant was
determined at 260 millimicrons. The reagent blank contained all solu
tions except the enzyme .
The variation in measured ribonuclease concentration between
duplicate samples was almost always less than plus or minus 5 per cent.
and usually less than plus or minus 2 per cent of the average value .
Samples were always run in duplicate, and a standard curve was included
with each assay. A linear relationship was observed between ribonuclease
concentration and optical density, the extent of linearity depending on
the particular substrate preparation employed. A representative standard
curve is reproduced in Figure 3.
Standard solutions of ribonuclease containing at least 10 mg. of
protein per 10 ml. were stored in the refrigerator. It was shown that
a solution containing 3 mg. of protein oer 10 ml. lost no activity when
kept in the cold or at room temperature for two days.
The term "per cent activity" means the measured activity of the
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modified enzyme expressed as the per cent of that expected for the
same weight of native enzyme.
2. Kunitz Assay
This assay is based on the observation that the enzymatic degrada
tion of ribonucleic acid results in a shift in its ultra-violet absorp
tion spectrum towards shorter wave lengths. The change in spectrum is
a c ompanled by a decrease in absorption near 300 milimicrons . Measurement
of the rate of decrease in absorbancy at 300 millimicrons of a ribonucleic
acid solution in the presence of ribonuclease was used by Kunitz to
determine enzyme concentration. This assay, like Anfinsen' s, depends
upon the first stage of ribonuclease action.
A substrate solution was prepared by diluting the ribonucleic acid
solution used in the Anfinsen assay with 0.1 M acetate buffer at pH 5.0.
The dilution was adjusted so that the substrate had an optical density
at 300 millimicrons of approximately 0.80. The usual dilution was one
to fifteen. One ml. of substrate was added to a quartz cuvette, and the
optical density at 300 millimicrons recorded. A solution containing less
than 10 micrograms of ribonuclease in five to ten microliters was then
added directly to the substrate in the cuvette, and the resulting solution
mixed by vigorously pipetting up and down with a micropipette . The
optical density at 300 millimicrons of this solution was followed for
a total of three to ten minutes .
The enzyme concentration of the solution being assayed can be deter
mined in a number of different ways. The simplest procedure is to fit
the curve for the unknown solution to a series of standard curves such
as those in Figure 4. The unknown ribonuclease concentration is then
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Figure 4
Kunitz assays were performed as described in the text. The amounts
of ribonuclease used were as follows:
Curve No. Micrograms Ribonuclease
1 0.5
2 1.0
3 2.0
4 3-0
5 5-0
6 7-5
7 10.0



30.
obtained by direct comparison. This method proved to be inconvenient,
however, because a great deal of time is needed to obtain such a series
of standard curves .
Another method for determining enzyme concentration involves the
assumption that this reaction obeys Michaelis-Menten enzyme kinetics
according to the equation,
-d(S) K (E)(S)
dt (S) + K^
where (o) is the substrate concentration at time t, (E) is the total
enzyme concentration (a constant), and K, and IC^ are constants. From
the integrated form of the equation,
(SG)
K_. log + (S0)-(S) = K, (E)t
(3)
it can be seen that the enzyme concentration is inversely proportional
to the time required to reach a given extent of reaction. ((S^ is the
substrate concentration at t r 0.) The concentration of enzyme in an
unknown solution can then be determined by comparing its assay curve
with that of a single standard solution. This was the method used to
calculate the ribonuclease activity in most of the Kunitz assays reported
in this paper.
In order to apply the Michaelis-Menten equation, it is necessary
to fulfill the assumption of the theory that there be a large molar
excess of substrate over enzyme. In these assays, therefore, as large
a concentration of substrate was used as was compatible with accurate
reading on the spectrophotometer, and as little enzyme as would yield a
significant optical density change (greater than 0.1 optical density
units) in the substrate. The one to fifteen dilution of stock ribonucleic
acid satisfied the condition for the substrate since its optical density
I *
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at 300 millimicrons was approximately 0.8. The standard amount of
enzyme used was usually three micrograms.
Kunitz stated that this reaction follows first order kinetics (53),
but in the present study this relationship did not obtain. Indeed, the
assay curves indicated product inhibition rather than a linear relation
ship between the logarithm of the substrate concentration and time. It
has been demonstrated by other workers that the products of hydrolysis
of ribonucleic acid inhibit ribonuclease activity (19).
A modification of the Kunitz assay was introduced in which the
enzyme was assayed in the presence of urea. The ribonucleic acid sub
strate was prepared as before except that it was made eight molar in
urea. It was thought that the activity of the reduced protein, when
compared with that of the native enzyme might be different in the presence
of urea than in its absence. Although such a study was eventually
attempted, It was complicated by the effect of the reducing agent on the
partially reduced protein In the presence of eight molar urea . (See
Section III-B-1-C.) This complication may be avoided if the reducing
agent is separated from the protein prior to assay.
One practical difficulty with the Kunitz assay arises from tempera
ture changes. Since the optical density was followed in a spectrophoto
meter which had no temperature control, much variation was observed in
the optical density changes obtained with a standard enzyme preparation
as the instrument changed in temperature. It was found that this varia
tion was minimized if the spectrophotometer was allowed to warm up for
at least one hour before use. In addition, standards were included
with all assays to permit compensation for fluctuation?1 in temperature.
The assay procedure was analyzed by plotting the product of enzyme
concentration and time against change in optical density at 300 millimicrons
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In this way, all the information in one or more series of standard curves
can be assembled in a single cur we . Such .?. curve is ilLustr-i Lerl In
Figure 5, which is a composite of two series of standard curves obtained
on different days , The two lines in the figure are drawn so tha t virtu
ally all the points fall between them. These curves, Iher ""ore, represent
the extreme- limits of variation of the assay. For a piven ch-ngo in
optica.J. density in exessx c 0.10, the variation Tn the enzyme-time
product was les- than plus or minus 12 per cent of the avtrHge value,
and under these conditions this was the extreme error for the assay.
The assay could be made more accurate by diluting the unknown solution
so that its concentration was clone to the t o^ the standard ribonuclease
sample . The error then approached the difference between assay of
duplicate solutions, approximately plus or minus 5 Pe** cent of the
average value. Samples were always run :.u duplicate.
Although up to 10 micrograms of native ribonuclease could be measured
in the Kunitz assay with the accuracy indicated in the preceeding discus
sion, certain difficulties wero encountered in the measurement of the
activity of the reduced enzyme. It was found that the addition of 5 or
6 micrograms of 75 per cent reduced enzyme resulted in an increase in
the optical density at 300 millimicrons of the ribonucleic acid substrate
during the first few minutes of the assay, followed by a slower increase
for the remainder of the assay period. The addition of the same amount
of 50 per cent reduced enzyme to the substrate brought about an initial
increase in optical density lasting perhaps one minute, followed by
some decrease in absorbancy such es usually indicated enzyme activity.
This effect was not studied quantitatively, but the initial increase in
optical density seemeo roughly proportions! to the amount of enzyme added.
"1
II
Figure 5
The product of enzyme in micrograms and time in minutes is
plotted against change in optical density at 300 millimicrons. The
two solid lines indicate the maximum limits of error of the assay.
The points are taken from two sets of standard curves obtained on
different days .
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A similar observation was made by KLee (48) while measuring the activity
of guanidinated ribonuclease in the Kunitz assay.
The initial increase in optical density was not observed if the
protein sample assayed had not been extensively inactivated or if less
than two micrograms of protein were used. Despite the possibility that
small degrees of this effect may have Introduced some error into the
measurement of activity of all samples of partially reduced ribonuclease,
it was assumed that this error was not large in those cases in which an
initial increase in optical density was not detected. That this assump
tion was probably correct was demonstrated by the finding that samples
of partially reduced enzyme had approximately the same activity when
measured by both the Kunitz and Anfinsen assays .
D. Protein Determinations
1. Folin-Lowry Method
Folin-Ciocalteu phenol reagent was obtained from Elmer and
Amend, Fisher Scientific Company.
The method of Lowry et al. (6l) was used for almost all protein
determinations. This method depends on the reduction of the
phosphomolybdic-phosphotungstic (Folin phenol) reagent by protein which
has been treated with an alkaline solution of copper. It was found
unnecessary to titrate the phenol reagent as described, and It was simply
diluted with one volume of water prior to use. Standards of native
ribonuclease were compared in each assay with the unknown solutions of
reduced enzyme. The optical density of the standard solutions at 700
millimicrons was linear with respect to protein concentration up to 100
micrograms of enzyme .
It was found that thioglycolic acid reacted with the phenol reagent,
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the optical density after assay treatment of a 0.001 M solution of
thioglycolate being approximately 0.16. The protein determination,
therefore, could be carried out only after separation of the ribonuclease
from the reducing agent.
Since the color produced by thioglycolic acid in this reaction may
be due to the binding of copper by the sulfhydryl groups of the mercaptan,
it was thought that a similar binding by the thiol groups of the reduced
protein might introduce a significant error into the protein measurement.
However, it was determined that if the sulfhydryl content of the protein
produced an amount of color equal to that produced by an equivalent
amount of thioglycolic acid, the error introduced into the protein assay
would be negligible .
It was shown that the color developed in the Folin assay by ribo
nuclease which had been denatured in 8 M urea was approximately equal
to the color produced by an equal amount of native protein.
2. Optical Density Measurements
The molecular weight of ribonuclease, based on its amino acid
composition, is 13,700. A 0.1 per cent solution of ribonuclease has,
according to an average of extinction coefficients given in the literature,
an optical density of 0.720 at 280 millimicrons (35, 95). The water
content of the ribonuclease used was approximately ten per cent. This
was verified by measurements of optical density which yielded an average
absorbance at 280 millimicrons of O.65O for a 0.1 per cent solution
(uncorrected for water content) of protein. In calculating protein
weights, compensation was made for the ten per cent water content.
The absorbance of the reduced protein at 280 millimicrons was taken
as a rough check on the Folin protein assay. Values for the protein

35-
concentration of extensively reduced enzyme obtained by optical density
measurements were approximately ten per cent lower than those obtained
by means of the Folin assay. This discrepancy corresponds to the
magnitude and direction of the spectral shift at 280 millimicrons
observed when ribonuclease is denatured in 8 M urea, indicating that
the reduced protein is undoubtedly denatured.
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III. EXPERIMENTAL RESULTS
A. Reduction of Disulfide Bonds with Sodium and Potassium Borohydride
The reduction of protein disulfide bonds with sodium or potassium
borohydride offers the distinct advantage that the reducing agents do
not interfere with subsequent determination of sulfhydryl groups. The
borohydrides are relatively stable in alkaline solution. Heat, or the
addition of acid causes them to decompose rapidly with the production of
hydrogen gas and various boron complexes. It has been noted that the
formation of these complexes may make the analysis of reduction products
difficult (27)-
1. Reduction of Cystine
Before attempting the reduction of ribonuclease with sodium and
potassium borohydride, these reagents were incubated with cystine and
reduction of the disulfide bond of this amino acid measured. Cystine,
and as a control cysteine, were treated with a 10 to 100 fold molar
excess of sodium or potassium borohydride in alkaline solution. The
extent of reduction of cystine to cysteine was determined by amperometric
titration, the nitroprusside reaction, and paper chromatography.
Amperometric titration. Although the sulfhydryl groups of cysteine
could be measured without difficulty in the absence of sodium or potassium
borohydride, it was found that the presence of these agents interfered
with the amperometric titration of the thiol groups. Despite the
lability of the borohydrides in acid solution, it was not possible to
eliminate this interference by acidifying the solution of mercaptan and
borohydride. It was concluded that the borohydrides or their breakdown
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products interfered in some unknown way with the reaction of sulfhydryl
groups with the silver Ion, and this method for measuring reduction of
sulfhydryl groups was abandoned.
Nitroprusside reaction. As was the case with amperometric
titration, it was found that the borohydrides interfered with the
determination of sulfhydryl groups by the nitroprusside method. The
presence of 20 micromoles of sodium or potassium borohydride suppressed
almost entirely the development of color of 1 micromole of cysteine.
The addition to a solution of cysteine of an acidified solution of
potassium borohydride or of the borate ion alone also resulted in some
interference with color development of the thiol .
With the use of this assay it was at times possible to demonstrate
some reduction of cystine to cysteine. The results were never sufficiently
reproducible, however, to make the method practical for quantitative work.
Paper chromatography. Reduction of cystine to cysteine by sodium
borohydride was demonstrated by ascending paper chromatography with
Whatman No. 1 filter paper and a solvent of water -saturated phenol (100 g.
phenol: 25 ml. water) (33)-
A solution of 0.003 M cystine was treated with 0.06 M sodium boro
hydride in the presence of 0.006 M EDTA. Following the incubation
period, the solution was acidified to destroy the borohydride. Oxidation
of the sulfhydryl groups was prevented by treating solutions containing
cysteine or reduced cystine with 0.02 M NEMI. Solutions containing a
theoretical maximum of 0.1 microequivalent of sulfhydryl were then
spotted on the paper.
The chromatogram indicating reduction of cystine to cysteine is
reproduced in Figure 6.
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Figure 6
Chromatogram illustrating the reduction of cystine to cysteine
by sodium borohydride .
A solution of 0.003 M cystine was made 0.06 M in sodium borohydride
and 0.006 M in EDTA. After the incubation period, the solution was
acidified by adding one fourth volume of 1 N H CI, and then made 0.02 M
in NEMI. Control solutions were included as indicated. Solutions
containing a theoretical maximum of 0.1 microequivalent of sulfhydryl
were spotted on Whatman No. 1 filter paper and chroma tographed in a
solvent of water -saturated phenol.
Abbreviations: L-cystine, CSSC; L-cysteine, CSH; N-ethylmale imide,
NEMI; Sodium borohydride, NaBHj^ .

CSSC CSSC CSH CSSC CSH CSSC CSH NaBH,
NEMI NEMI NaBH, NaBH, NaBH,, NaBH4 4 4 4
H CI HCI NEMI NEMI
HCI HCI
->]
CD
CHROMATOGRAPHY OF REDUCED CYSTINE
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2. Reduction of Ribonuclease
Despite the difficulties with the sulfhydryl assays associated
with the use of the borohydrides, several attempts were made to reduce
ribonuclease with these agents. In each case, a solution approximately
1 per cent in ribonuclease was treated with 0.01 M sodium or potassium
borohydride at pH 8. The nitroprusside reaction was used to measure
sulfhydryl groups and the Anfinsen assay to determine enzyme activity.
No detectable sulfhydryl groups were found after incubation of the
protein with the reducing agent for periods of forty minutes and three
days. There was no loss of activity at the end of two hours of
incubation with sodium borohydride.
These results are similar to those reported recently by Moore et al.
(67). This group of investigators found that significant reduction of
ribonuclease with sodium borohydride could only be demonstrated at high
temperatures or in strong urea solutions.
B. Reduction of Ribonuclease with Thioglycolic Acid
Although it had been demonstrated that the disulfide bonds of
cystine could be reduced by sodium borohydride, the interference of
this agent with sulfhydryl assay procedures made its use impractical
and led to trials with other reducing agents. Mercaptoethylamine and
/3-mercaptoethanol were used on one occasion, but the reducing agent which
was used for virtually all the work reported here was thioglycolic acid.
All experiments were carried out at room temperature.
Evidence that the disulfide bonds of ribonuclease had been reduced
by thioglycolic acid was obtained in several ways. The different types
of evidence are listed below and each will then be taken up in detail in
the following sections.
J'
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Loss of Enzymatic Activity. Loss of activity means that some
change in the structure of the protein must have occurred. Since the
expected effect of treatment with thioglycolic acid ts reduction of
the disulfide bonds of the molecule, loss of activity is usually taken
as evidence that such reduction has taken place. There are other ways,
however, in which treatment with thioglycolic acid might, under certain
circumstances, result in loss of enzymatic activity. For instance, with
relatively low concentrations of thioglycolate, disulfide exchange with
polymerization of protein molecules at the disulfide sites might occur,
leading to loss of activity without production of sulfhydryl groups.
Some activity might be lost as a result of a non-specific denaturing
action of the reducing agent.
It is, therefore, a potentially misleading, although a common,
practice to refer to protein which has been inactivated as a result of
treatment with a reducing agent as "reduced protein," even though
reduction per se has not been demonstrated. This practice has, in
general, been followed in this report, but it is to be understood that
the terms "reduction" and "inactivation" are not necessarily synonymous.
Wherever such usage might lead to confusion it has been avoided, end
distinction between the two terms V h been made.
Demonstration of Sulfhydryl Group s . Short of finding cysteine
residues in a hydrolysate of the protein, the demonstration of sulf
hydryl groups on the ribonuclease molecule is the most direct evidence
that reductive cleavage of the cystine disulfide bonds has taken place.
Change in Chroma togre phic Behavior. As in the case of loss of
activity, change in chromatographic behavior is evidence that a
structural modification of the protein has been brought about, but not
necessarily that disulfide bends have been reduced.
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Change in Solubility. Changes In physical properties such as
solubility also indicate that there has been some modification of
protein structure.
1. Loss of Enzymatic Activity
Aliquot volumes for activity assay were usually taken directly
from the mixture of ribonuclease and thioglycolic acid . When a sulf
hydryl determination was carried out, the thioglycolate-free protein
solution obtained for sulfhydryl assay was also assayed for activity
It was shown that native enzyme lost none of its activity as a result
of precipitation with alcohol or passage through ion exchange resin.
Ribonuclease, when incubated with thioglycolic acid, lost activity
at a rate influenced by the urea concentration, pH, and thioglycolate
concentration of the solution in which the reduction took place.
a. Urea Concentration. It was noticed early in the course of
this work that ribonuclease, when treated with a large excess of thio
glycolic acid at pH 8, lost activity very slowly, approximately half the
activity remaining at the end of 24 hours. On the other hand, when the
reduction was carried out under exactly the same conditions except for
the presence of 8 M urea, inactivation occurred much more rapidly. This
effect was studied in a number of experiments in which the reduction
proceeded in solutions of varying urea concentration. One such experiment
is described below.
To several solutions, of 0.09 per cent ribonuclease in 0.02 M tris
buffer at pH 8.0, thioglycolate, as the sodium salt, was added to give a
concentration of 0.09 M. The urea concentration was varied from 0 to
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8 M. Enzymatic activity wc s followed for 24 hours. As indicated in
Figure 7, loss of activity occurred more quickly in solutions containing
urea than in those without urea. Inactivation was especially rapid in
those solutions which were greater than 4 M in urea. In 8 M urea, only
10 per cent of the original activity remained after 18 minutes, and at
the end of 25 minutes, the enzyme was completely inactive. Control
solutions of ribonuclease in 0.02 M tris buffer, pH 8, and 8 M in urea
lost no activity during the experimental period.
The rapid inactivation of ribonuclease in concentrated solutions
of urea is probably related to the denaturing effect of the amide.
Unfolding of the protein molecule in the presence of urea may expose
otherwise hidden disulfide bonds to the action of the reducing agent.
It was mentioned in Section I-B-3, that Anfinsen has shown that the
addition of a sufficient quantity of polyvalent anions such as phosphate
to solutions of ribonuclease in concentrated urea reverses, at least
partially, the physical signs which indicate unfolding of the protein.
It was thought, therefore, that the addition of such anions to solutions
of ribonuclease In urea and thioglycolate might prevent the unfolding of
the protein and hence suppress reduction of the disulfide bonds. The
effect of phosphate ions on the inactivation of ribonuclease was studied
in the following experiment.
In general, when describing experiments in which ribonuclease was
incubated with a number of other reagents, the hydrogen ion concentration
of the buffer is the only pH mentioned. It is to be understood that
either all the components of the final solution were adjusted to the pH
of the buffer prior to mixing, or the solution was adjusted to this pH
after mixing the components. However, in all experiment;; with urea, the
pH mentioned refers to the hydrogen concentration of the solution before
the urea was added. Although the addition of the amide led to some
change in the pH of the solution as measured by the glass electrode, no
attempt was made to correct this by readjusting the pH after addition of
the urea. The magnitude of the change in measured pH brought about by
adding the urea was at most 0.5 pH units in the alkaline direction.
II
o
I
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Figure 7
The inactivation of ribonuclease (RNase) by thioglycolic acid (TfiA)
in various concentrations of urea. Per cent activity is plotted against
time with urea concentration as parameter.
The conditions of the experiment were: 0.09 per cent ribonuclease,
0.09 M sodium thioglycolate, 0.02 M tris buffer, and pH 8.0. The urea
concentrations were 0, 2, 4, 5, 6, and 8 M. Enzyme activity was followed
for 24 hours .
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Solutions of 0.1 per cent ribonuclease in 0.02 M tris buffer at
pH 8.0 were treated with 0.1 M thioglycolic acid, 4.3 M urea, and O.36 M
potassium phosphate in the combinations indicated in Table 2. The per
cent activities of these solutions during the 14 hour experimental
period are summarized in this table. The time course of activity for
solutions 1, 2, 3, and 4 is also illuetrated in Figure 8.
The solutions containing phosphate (1 and 3) showed much less loss
of activity both in the presence and in the absence of urea than did
those containing no phosphate (2 and 4). Solutions 5, 6, 7, and 8
sustained no significant loss of activity during the experimental
period. Since the phosphate ions suppressed the inactivation of ribo
nuclease regardless of the presence of urea, these anions cannot be
considered specific antagonists of urea, but probably have a general
action in stabilizing the protein in its native or folded state.
In summary, the information which has been obtained on the role of
urea and phosphate in the inactivation of ribonuclease by thioglycolic
acid indicates that significant reduction of the protein disulfide bonds
will not occur without some degree of unfolding of the molecule. Since
urea denatures the protein, whereas phosphate stabilizes it in its native
configuration, reduction, and consequent inactivation, are facilitated
by the amide, but inhibited by the polyvalent anions.
b. Hydrogen Ion Concentration. As indicated in Section I-C-3 the
reduction of the disulfide bonds of proteins, including ribonuclease,
has usually been carried out in alkaline solution at pH values near 8
or 9. One investigator showed that the rate of inactivation of insulin
increased with rising pH over the range pH 6 to 8. The reducing agents
used were cysteine and thioglycolic acid (IO3).
In the present study, the effect of hydrogen ion concentration on the
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Table 2
THE EFr-ECT OF PHOSPHATE AND UREA ON THE
INACTIVATION OF RIBONUCLEASE BY THIOGLYCOLIC ACID
SOLUTION UREA PO, TGA PER CENT ACTIVITY
13 min. 3^ hrs. 14| hrs,
1 4.3 M O.36 0.1 M 99 90 71
2 4.3 M - 0.1 M 96 k9 15
0.
- 0.36 0.1 M 99 89 85
k - - 0.1 M "8 72 53
c 4.3 M O.36 - 101 104 106
6 k.3 M - - 100 91 100
7 - O.36 - 100 101 94
8 _ _ . 100 96 92

Figure 8
The effect of phosphate and urea on the inactivation of
ribonuclease (RNase) by thioglycolic acid (TGA). Per cent activity
is plotted against time.
Solutions of 0.1 per cent ribonuclease in 0.02 M tris buffer at
pH 8.0 were treated with urea, phosphate, and thioglycolate in the
concentrations indicated below.
Solution UREA PO^ TGA
1 4.3M O.36 M 0.1M
2 4.3 M 0.1 M
3 O.36 M 0.1 M
4 0.1 M
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inactivation of ribonuclease by thioglycolic acid was tested over the
pH range from 3 to 10. In one experiment, a solution of 0.09 per cent
ribonuclease in 0.02 M buffer was treated with 0.07 M thioglycolic acid
in the presence of 4 M urea. The pH values tested, together with the
buffers employed at each pH are indicated in Table 3. Because of the
possibility of specific ion effects, two different buffers were used at
several pH values. The listing of two buffers next to a specific pH
value means that two samples, each containing one of these two buffers
were included in the experiment. Except for tris, all buffers were
present as the sodium salt. Tris was used as the chloride.
Table 3
pH VALUES AND BUFEERS USED IN TESTING TEE EFFECT OF pE
ON INACTIVATION OF RIBONUCLEASE BY TGA
pE Buffer
3 Citrate
5 Citrate, Acetate
7 Barbital
8 Barbital, Tris
9 Tris, Glycine
10 Glycine
The results of this experiment are summarized in Figures 9 and 10.
Inactivation occurred slowly at pE 5, but more rapidly as the pE was
changed in either the acid or the alkaline direction. During the first
19 minutes of the reaction, one third of the initial activity was lost
at pE 3, and two thirds at pE 10. No significant inactivation occurred
during this period at pE ''., 1, or 8. At the end of 25 hours, there was
extensive inactivation at all pE values tested with the exception of pE 5
and 7. The extent of the reaction was independent of the particular buffer
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Figure 9
The effect of pH on the inactivation of ribonuclease (RNase)
by thioglycolic acid (TGA). Per cent activity is plotted against time
with pE as parameter.
The conditions of the experiment were: 0.09 per cent ribonuclease,
0.07 M thioglycolic acid, and 4 M urea. The pE values tested were pE 3,
5, 7, 8, 9, and 10. The buffers (concentration 0.02 M) used at each
hydrogen ion concentration are listed in Table 3.
Except at pE 5, whenever two buffers were used at a single pE
value, the average of the two per cent activities obtained is plotted.
The per cent activities for pE 5, citrate (5 c) and pE 5, acetate (5 a)
are plotted separately.
Figure 10
The effect of pE on the inactivation of ribonuclease (RNase) by
thioglycolic acid (TGA). Per cent activity is plotted against pE with
time as parameter.
The conditions of the experiment were as described above for
Figure 9. Whenever two buffers were used at a single pE value, the
average of the two per cent activities obtained is taken
as the ordinate.
r ..
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employed except at pE 5. Loss of activity occurred more rapidly in
the presence of acetate than in the presence of citrate buffer at
this pfi. Nevertheless, even with acetate buffer, the rate of inactiva
tion at pE 5 was slower than that at any other pE tested. Citrate
buffer was also used at pE 3, but activity was lost rapidly at this pE.
Control solutions, identical in all respects to the experimental
solutions except for the absence of thioglycolate, lost little or no
activity during a ^5 hour period.
In another experiment, loss of enzyme activity was investigated
as a function of both urea and pE. The combinations of hydrogen ion
concentration and urea concentration tested are indicated in Table 4
and Figure 11 in which the results of the experiment are presented
The buffers used were glycine at pE 2, citrate at pE 3> 4, and 5, and
carbonate at pE 10, each at a concentration of 0.02 M. The concentration
of ribonuclease was 0.09 per cent, that of thioglycolate, 0.07 M. The
effect of pE on the inactivation of ribonuclease in 4 M urea was much
the same as in the preceding experiment. When the urea concentration
was increased to 3 M, however, loss of activity occurred rapidly at all
pE values tested, the protein being virtually inactive at the end of 4
hours. Nevertheless, measurements after 10 minutes of reduction showed
that considerable activity was retained at pE 3 and pE 5, but that at
pE 10 the enzyme was already completely inactive. In the absence of
urea, only samples of enzyme at pE 10 had lost a significant amount of
activity at the end of 28 hours.
At each combination of pE and urea concentration, a control solution
was prepared from which thioglycolate was omitted. Significant loss of
activity occurred only in that solution of ribonuclease which was treated
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Table 4
TEE EFFECT OF pE AND UREA ON TEE INACTIVATION
OF RIBONUCLEASE BY TEIOGLYCOLIC ACID
UREA pE PER CENT ACTIVITY
M
10 min. 4 hrs. 14 hrs. 28 hrs. 77 hrs,
83 68 4 1
85 78 3 0 - -
8 10 3 3 0
4 2 63 6 0 - -
4 3 62 2 0 - -
4 4 93 54 33 19 0
45 91 68 80 6C 72
4 10 0
0 3
0 5
0 10
73 62 74 71
88 67 T, 77
79 r8 8
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Figure 11
The effect of pE and urea concentration on the inactivation of
ribonuclease (RNase) by thioglycolic acid (TGA). There are separate
graphs for 0,4, and 8 M urea. In each graph, per cent activity is
plotted against pE with time as parameter.
The conditions of the experiment were: 0.09 per cent ribonuclease,
0.07 M thioglycolic acid, and 0.02 M buffer. Urea concentration and
pE are listed in Table 4.
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with 8 M urea at pE 10. The enzyme activity of this solution was 29 per
cent at the end of 24 hours, and 8 per cent after 47 hours. Nevertheless,
the difference between the activity of this solution, and that of the
corresponding sample containing thioglycolate at this pE and urea
concentration, was highly significant.
c. Thioglycolic Acid Concentration. Amounts of thioglycolic acid
giving final concentrations from 0.09 M to 0.00009 M were added to 0.03
per cent solutions of ribonuclease in 0.02 M tris buffer at pE 8 and 8 M
in urea. The 0.09 M solution of thioglycolate contained a molar excess
of reducing agent over protein of 4200. As shown in Figure 12, inactiva
tion occurred rapidly at thioglycolate concentrations of 0.09 M and
0.009 M. Eowever, little activity was lost in the more dilute solutions.
That inactivation of ribonuclease can occur when small amounts of
protein are treated with very dilute solutions of thioglycolic acid in
the presence of 8 M urea was demonstrated by the following experiment.
A 1.0 per cent solution of ribonuclease in 0.05 M tris buffer at pE 8.5
-h
was made 0.3 M in thioglycolic acid and 1.0 x 10 M in EDTA No urea
was present in the solution. After 9 hours, an aliquot of this solution
was diluted 20 fold and a 10 microliter sample of the diluted solution
added to 1 ml. of Kunitz substrate which had been made 8 M in urea.
This substrate, which, except for the presence of urea was identical to
the ordinary Kunitz tmb.trate, will, be referred to as "Kunitz urea
substrate." (See Section II-C-2, ) The optical density of the resulting
solution was followed with respect to time. The measured enzyme activity
of the sample was 10 per cent of that of an equal amount of native enzyme
(5 micrograms of ribonucl-ase) . Eowever, when the assay was carried out
in an identical manner using ordinary Kunitz substrate without urea, the
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Figure 12
The effect of variation in thioglycolic acid (TGA) concentration
on the rate of inactivation of ribonuclease (RNase). Per cent activity
is plotted against time with thioglycolate concentration as parameter.
A 0.03 per cent solution of ribonuclease was made 0.02 M In tris
buffer at pE 8 and 8 M in urea. The thioglycolate concentrations were
0.00009 M, 0.0009 M, 0.009 M, ard 0.09 M.
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measured activity of the 10 microliter sample was found to be 80 per
cent of that of an equal amount of native enzyme. In contrast, if the
protein in a similar preparation of ribonuclease and thioglycolic acid
were separated from the reducing agent prior to measurements of activity,
Bamples assayed in the Kunitz urea substrate had ^bout i.he same enzymatic
activity relative to standards of native ribonuclease, as samples assayed
in Kunitz substrate without urea.
These two observations indicated that the protein sample was less
active when assayed in Kunitz substrate containing both thioglycolic
acid and 8 M urea, than when assayed in Kunitz substrate which did not
contain either the thioglycolate or the urea. Indeed, it seemed likely
that the enzyme was actually partially inactivated during the course of
the five minute Kunitz assay. This conclusion was supported by an
experiment in which separate aliquots of thioglycolic acid, and native
ribonuclease were added first to Kunitz urea substrate, and then in
equal amounts to Kunitz substrate without urea. The optical density
of these solutions was followed with respect to time in the usual
manner. It was found that the activity of the enzymei as measured in
the urea substrate, was equal to approximately one third of the enzyme
activity as mea.iuvd in the ordinary Kunitz. _i.ibrti--.-te. Since equal
amounts of native ribonuclease had been added to the substrate in each
case the enzyme in the urea substrate must h^ve been partially inacti
vated curing the course of the assay.
The actual concentrations of reagents in the Kunitz urea substrate
were ^.0 x 10~4 per cent ribonuclease, l.c x 10" M thioglycolic acid,
8 M urea, and 0.05 M acetate buffer at pE 5- The results obtained may b-.
compared with those reported by Liener (58) who found that a 0.2 per cent
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solution of trypsin lost considerable activity when treated with
1.3 x 10" M mercaptoethanol at pE 7-6 in the presence of 8 M urea .
One practical consequence of the experiments on the effect of
thioglycolate concentration on inactivation was the demonstration that
relatively small variation? in sulfhydryl content of the reducing agent
had no effect on the rate of reduction, provided that '''& re was a
sufficiently large molar excess of thioglycolic acid over protein. It
was observed that at alkaline pE the thioglycolate sulfhydryl groups
were quite labile, the concentration of measured thiol decreasing by one
half over a 24 hour period. Eowever, if the initial concentration of
thioglycolic acid were sufficiently high, even such a marked decline in
sulfhydryl concentration could safely be ignored.
2. Demonstration of Sulfhydryl Groups
It is expected on theoretical grounds that the inactivation of
ribonuclease brought about by treatment with thioglycolic acid will be
accompanied by reduction of the cystine residues of the protein. If
indeed this is the case, then it should be possible to show that factors
such as pE and urea concentration, which control the rate of in-jctivation,
also influence the extent of reduction of the enzyme.
In this paper, per cent reduction always refers to average reduction.
Although extent of reduction need not be uniform for all molecules, we
were able to measure only the overall sulfhydryl concentration of a
sample. ?or instance, the assay techniques used did not distinguish
between a sample of protein half the molecules of which were completely
reduced and the other half not reduced, and a sample in which aii the
molecules were 50 p; r cent reduced. One hundred per cent reduction means
cleavage of the disulfide bonds of all four cystine residues with the
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production of eight sulfhydryl groups per molecule of protein.
Measurements of the sulfhydryl content of samples of ribonuclease
which had been treated with thioglycolic acid were made subsequent to
a procedure (usually ion exchange, rarely alcohol precipitation) which
separated the protein from the mercaptan reducing agent. Samples of
native protein run through these procedures emerged 100 per cent active
and with no sulfhydryl groups measurable by the NEMI assay.
a UTea Concentration . The effect of urea concentration on the
reduction of ribonuclease disulfide bonds is Illustrated in Figure 13.
The experiments summarized in this figure were usually done on different
days but under similar conditions. Solutions of 1.0 to 2.5 per cent
ribonuclease in dilute tris buffer at pE 8.0 to 8.5 (reduction in one
8 M urea sample took place at pE 9) were treated with thioglycolic acid
in concentrations ranging from 0.2 to 0.35 M. The concentrations of
urea in these solutions were 0, 4, and 8 M. The protein was separated
from the reducing agent by passage through ion exchange resin (chloride
cycle) .
Under these conditions, reduction took place slowly in the absence
of urea, After 20 hours, the sample in 0 M urea was 30 per cent reduced.
This represented the cleavage, on the average, of a little more than one
disulfide bond per molecule. In 4 M urea reduction occurred more rapidly,
with about 50 per cent of the disulfide bonds reduced at the end of 6
hours, and 80 per cent at the end of 2^ hours. When the concentration
of urea was raised to 8 M, 80 per cent of the bonds were broken in 90
minutes. The maximum amount of reduction achieved in 8 M urea was between
85 and 100 per cent. This meant that three or four of the disulfide bonds
could be broken under these conditions.
Ii
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Figure 13
The reduction of ribonuclease (RNase) by thioglycolic acid (TGA)
in various concentrations of urea . Per cent reduction is plotted
against time with urea concentration as parameter.
The conditions of the experiment were: 1.0 to 2.5 per cent
ribonuclease, 0.2 to O.35 M thioglycolic acid, 0.04 M to 0.05 M
tris buffer, and pE 8 to 8.5 (the reduction in one 8 M urea solution
proceeded at pE 9) . The concentrations of urea were 0, 4, and 8 M.
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b. Eydrogen Ion Concentration. It has been suggested that the
form of the mercaptan thioglycolic acid which is active in reduction is
the mercaptide ion (54). Since almost none of the thioglycolic acid is
in this form at pE 3> we were led to question the evidence presented in
Section III-B-1-b that inactivation of ribonuclease occurred rapidly and
completely in such acid solutions. The possibility was considered that
the inactivation may have taken place not as a result of reduction, but
secondary to some other structural modification of the protein which
may have occurred at acid pE in the presence of mercaptan. In an attempt
to clarify this issue, the following experiment was performed.
A 2.0 per cent solution of ribonuclease in 0.04 M citrate buffer at
pE 3 was made 4 M in urea and 0.3 M in thioglycolic acid. At the time
intervals indicated, aliquot volumes were passed through the ion exchange
resin (acetate cycle). After the sample had run into the resin, the
column was washed with 8 M urea and the effluent samples collected.
Initially, It was thought that the reduction reaction would stop as
soon as the sample which was added to the column had run into the resin,
and consequently that washing with 8 M urea would have no effect on the
protein. Eowever, measurements of enzyme activity of the sample before
and after passage through the column indicated that further inactivation
of the protein had taken place while the sample was on the column in
contact with 8 M urea. (In other experiments, in which the concentration
of urea used for washing the column was the same as that in the reduction
solution, no change in activity occurred as a result of passage through
the column. )
Assays for enzyme activity and sulfhydryl concentration indicated
that a sample which was added to the column at the end of 18 minutes
emerged from the column with 7 per cent of the protein disulfide bonds
!'
reduced and an activity loss of 78 per cent. After 40 hours, cl per
cent of the disulfide bonds had been reduced and the enzyme was
completely inactive. Thus, even though the reduction proceeded more
slowly than at pE 8 or 9, some reduction of the protein did occur at
pE 3.
3. Change in Chromatographic Behavior
Native and thioglycolate-treated ribonuclease were chroma tographed
on a 0.9 by 30 cm. column with Amberlite resin XE-64 in 0.2 M phosphate
buffer at pE 6.35 and 2C .
After 30 hours of standing at room temperature, a solution of 1.0
per cent ribonuclease in 0.05 M tris buffer at pE 8 and 0.1 M in
thioglycolic acid was made O.32 M in iodoacetic acid (recrystallized
twice from carbon tetrachloride), and the hydrogen ion concentration
again adjusted to pE 8. The alkylation was permitted to proceed for 18
hours. Then a 1 ml. aliquot volume was added to the column. The effluent
fractions were analyzed for protein by the ninhydrin method (66), and
for thioglycolate, iodoacetate, and protein by determination of the
optical density at 280 millimicrons. (At 280 millimicrons, a 0.0.1 M
solution of sodium thioglycolate at pE 8.0 has an optical density of O.23
and a 0.001 M solution of sodium iodoacetate at pE 8.6 an optical density
of O.jO.) As indicated in Figure 14, all material having significant
absorption at 280 millimicrons was eluted at the column front. Native
ribonuclease, when chroma tographed in the same system, appeared in a
peak between the thirtieth and forty-fifth milliliters of effluent.
None of the thioglycolate-treated protein appeared in the position
ordinarily occupied by the native enzyme.
IJ
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Figure 14
A 1.0 per cent solution of ribonuclease (RNase) at pE 8 was
treated with 0.1 M thioglycolate (TGA). After 30 hours, the solution
was made 0.32 M in iodocetate. The resulting solution was chromato-
graphed on a 0.9 by 30 cm. column with Amberlite resin XE-64, in 0.02 M
phosphate buffer at pE 6.35 and 2C . The optical density at 280
millimicrons of the effluent fractions was determined (solid line).
The ribonuclease activity of the effluent fractions was also measured
by the Anfinsen assay and is expressed as optical density at 260
millimicrons, corrected for the assay blank (solid circles).
Native ribonuclease was chromatographed in the same system and
the resulting effluent fractions analyzed for absorbance at 280
millimicrons (dashed line), and enzyme activity expressed as optical
density at 260 millimicrons (open circles).
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The results of other experiments (see Section III-B-2-a) indicate
that an average of one or two disulfide linkages may be broken when
ribonuclease Is treated with thioglycolic acid at pE 8 in the absence
of urea. Whether or not the cleavage of these bonds is alone responsible
for the dramatic change in chromatographic pattern observed cannot be
determined without further study. It is possible that other alterations
in secondary structure of the protein may come about as a result of
treatment with thioglycolic acid and subsequent alkylation, and that these
contribute to the change in chromatographic behavior -
4. Change in Solubility
Although the solubility of reduced ribonuclease was never deter
mined quantitatively, it was observed to be considerably less than that
of the native enzyme. The reduced protein was. however, quite soluble
in concentrated solutions of urea. For example, a sample of 3 mg. of
protein which had been completely inactivated by thioglycolic acid at
pE 9 in 8 M urea was not soluble in 1 ml. of distilled water, but went
into solution easily in 1 ml. of 8 M urea.
C . Reactivation of Reduced Ribonuclease
Since sulfhydryl groups are quite susceptible to air oxidation,
forming the corresponding disulfides, it is tempting to speculate
whether oxidation of the sulfhydryl groups of reduced ribonuclease would
lead to recovery of some of the enzymatic activity which had been lost
on reduction. Several experiments exploring the possibility of such
reactivation were carried out. These were in general of two kinds. In
one type, a 1 to 2 per cent solution of ribonuclease in 0.04 M tris
buffer at pE 8 to 9 was inactivated in the presence of 0.2 to 0.3 M
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thioglycolic acid arid 2 to 8 M urea. Aliquots of this solution were
diluted ten to forty fold and recovery of activity with respect to time
was measured. The second type of experiment consisted of the inactiva
tion of the protein under the same conditions, but followed by passage
of the solution through ion exchange resin with separation of the
reducing agent from the protein. Reactivation of a diluted sample of
thioglycolate -free ribonuclease was then studied. Reoxidation was
permitted to occur by allowing samples of reduced protein to stand for
a time at room temperature.
Although it was demonstrated that a sample of reduced protein did
lose some sulfhydryl groups upon standing, in most of these experiments
only changes in enzymatic activity were measured . No attempt was made
to correlate decrease in sulfhydryl concentration with increase in
activity.
Of the two types of experiments described above, reactivation was
achieved more reliably when the protein was not separated from the
mercaptan reducing agent prior to reoxidation. When the solution of
protein and reducing agent no longer demonstrated ribonuclease activity,
an aliquot of the solution was diluted as described and its enzyme
activity found to increase from 0 per cent immediately after dilution,
to a maximum of 30 to 40 per cent at the end of 24 hours. If the
protein was diluted after it had lost only part of its activity as a
result of treatment with thioglycolic acid, recovery of some activity
could sometimes be demonstrated. A typical experiment demonstrating
reactivation of reduced enzyme is described below.
A solution of 2.0 per cent ribonuclease in 0.04 M tris buffer at
pE 9 was treated with 0.2 M thioglycolic acid ar.d 2 M urea. At various
intervals, aliquot volumes were removed and diluted forty fold. The per
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cent activity of the enzyme in each of these diluted solutions was then
measured both immediately after diluting and after 4 hours, 24 hours,
or 4 days of standing at room temperature.
Table 5
REACTIVATION OF REDUCED RIBONUCLEASE
Per Cent Activity of Diluted Solutions
Immediately
after Diluting
4 hours
after Diluting
24 hours
after Diluting
4 days
after Diluting
100 74
100 70
60 66
48 64
kd 70
28 70
26 64
8 48
0 40
As indicated in Table 5, the diluted enzyme samples which were less
than 50 per cent active after treatment with thioglycolic acid gained
activity upon standing, while those which were initially fully active
lost activity on standing. The activity of one sample was 60 per cent
immediately after dilution and this was scarcely changed after one day
of reoxidation.
In this group of experiments, reduction of the protein took place in
solutions containing 1 to 2 per cent ribonuclease, 0.2 to 0.3 M thio
glycolic acid, and 2 to 8 K urea. Reactivation of the partially or

completely inactivated enzyme did not o--cur unless these solutions wer'
diluted so that the final protein concentration was approximately 0.05
per cent with corresponding dilution of the reducing agent and urea.
The enzyme in undiluted solution:- did not re^ln ^ny activity on
standing. Since dilution of the original solution resulted in a
decrease in ribonuclease, thioglycolate, and urea concentrations, it
could not be determined whether the dilution of one , two, or all three
of these agents was essential in making reactivation possible. To
clarify this point, further experiments would have to be done in which
the concentrations of these components were varied independently,
Results of experiments in which reactivation was studied nfter
the thioglycolic acid had been separated from the rlbonucle....e by ion
exchange were erratic. A sample of protein which was completely
inactive after elution from the ion exchange column vas diluted --rnd
regained 10 per cent of its theoretical activity in 8 hours. Similar
solutions gained almost no activity during thi.-v period. In other
experiment;, thioglycol* te-free protein, initially inactive, became
30 to 50 per cent active approximately 24 hours after dilution.
Occasionally, samples of protein which had regained s'>;_e activity,
lost it again with further standing at room temperature. In any case,
no activity was recovered by samples of protein having concentrations
as great as 0.5 per cent, but a five fold dilution of such e solution
might regain some activiiy after several hours.
In summary, reduced ribonuclease, when allowed to 6 team, at room
temperature for prolonged periods of time, may regain some of the
enzyme activity which was lost as a re.ult of reduction of the disulfide
bonds. Eowever, the exact conditions governing this reactivation remain
to be defined.

The problem of reoxidation of reduced ribonuclease has also beexi
studied by Anfinsen and collaborators (4, 87). These workers found
that completely reduced and fully inactive samples of protein, in concen
trations of 0.1 per cent, regained 12 to 19 per cent of their enzyme
activities in 68 hours with some decrease in the number of sulfhydryl
groups per molecule. In contrast, similar treatment of protein which
had been 50 per cent reduced led neither to gain of activity nor loss of
sulfhydryl groups .
D . Reactions with Sulfhydryl Reagv_it3
Studies of the structure of reduced ribonuclease by amino acid
analysis require that the labile sulfhydryl groups be converted to
stable derivatives prior to hydrolysis of the protein. The ideal
reagent for such a purpose Is one which is specific for sulfhydryl
groups, reacting with no other groups of the protein. To test for non
specific reactions, experiments were done in which agents known to react
with sulfhydryl groups (sulfhydryl reagents) wer..-. mixed with samples of
native ribonuclease and the effect on enzymatic activity measured. The
agents which were tested were iodoacetic acid, lodoacetamide,
n-e thyImale imide, and silver nitrate.
A solution of 0.05 per cent ribonuclease was treated with 0.1 M
iodoacetate at pE 8.0 and the activity followed for 2 2 hours. In another
experiment ribonuc_.ease was treated with iodoacetamide instead of
iodoacetate. As indicated in Figur-.- 15, considerable activity was lost
in each case during a 22 hour perioc, the rate of loss being more rapid
for those samples of protein which had been treated with lodoacetamide
than for those which haa been treated with iodoacetate.
It is well established that native ri'bcnuc _.eese has no sulfhydryl
sroups. The loss of enzyme activity, therefore,
cannot be explained by
.'"
J
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Figure 15
The effect of iodoacetic acid (lAc) and lodoacetamide (lAc-NEp)
on the activity of ribonuclease (RNase). Per cent activity is plotted
against time .
A solution of 0.05 per cent ribonuclease was made 0.1 M in
iodoacetic acid and adjusted to pE 8.0. A similar solution was made
0.1 M in iodoacetami.de at pE 8.0. The enzymatic activity of each
solution was followed for 22 hours.
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the reaction of these agents with sulfhydryl groups on the protein.
Furthermore, the reaction with sulfhydryl groups would be expected to
occur much more rapidly than the relatively slow inactivation which was
observed. Eowever, it has been shown that < -haloacetic acids also react
with the hydroxyl group of tyrosine, the -amino group of lysine, and
the imidazole group of histidine forming the carboxymethyl derivatives
of these amino acid residues (51), and it may be that reactions such as
these were responsible for the losses in enzyme activity which were
found. Zittle (104) observed that native ribonuclease was slowly
inhibited by iodoacetate and iodoacetamide, but contrary to the experience
here, he found iodoacetate to be more inhibitory than iodoacetamide.
These experiments were repeated using silver nitrate and n-ethyl-
maleimide. It was found that ribonuclease was virtually inactive at
the end of one hour when treated with silver nitrate, but that treatment
with n-ethylmale imide for 18 hours did not affect enzyme activity. Of
the four agents tested, therefore, n-ethylmaleimide probably has the
greatest specificity for sulfhydryl groups.
"1 .
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IV. DISCUSSION
Most of the experimental work In this study has been concerned with
the definition of conditions leading to the reduction and inactivation of
ribonuclease by the mercaptan, thioglycolic acid Condition:-' which were
studied were urea conc-ntr. fci on, pE, and thioglycolate- concentration.
It was found that the rate of inactivation of the enzyme, in the presence
of mercaptan, Increased with increasing urea concentration, particularly
when the urea concentration wa -, ro i _._ beyond the critical value of 4 M.
Rate of activity loss was minimal at pE values near 5, but increased as
the pE w_s changed in either the acid or the alkaline direction. Ma -imuai
inactivation of the enzyme was achieved in alkaline solutions of concen
trated urea containing an ex.eso of thioglycolate. Lesser degrees of
inactivation were obtained in solutions of neutral, or slightly acid pE,
and in the absence of urea .
The role of the disulfiue bond in maintaining the integrity of the
ribonuclease molecule was evaluated by studying the onzymatic activity of
partially and completely reduced protein. Loss of activity was found to
depend not only on the number of disulfide bonds which had been reduced,
but on the method by which this reduction wss achieved. It appeared
that there was no necessary correlation between extent of reduction and
inactivation of the enzyme. Evidence in support of this conclusion will
be presented in the following paragraphs.
One way of obtaining information on the relationship between
inactivation and reduction Is to combine the data presented in Figures 7
and 13. The two families of cu-veo in these figures give values for
residual enzyme activity and extent of reduction separately as functions
of time with urea concentration as parameter. For each concentration of
. 1
]
urea, the per cent activity and per cent reduction after a given interval
of time may be reao from the appropriate curve and plotted on a single
graph. Figure 16 is such a plot of activity against reduction for 0 and
4 M urea. The points expressing per cent activity as a function of
reduction for 4 M urea fall along one curve, and the corresponding
points for 0 M urea along an adjacent curve.
This method for establishing a correlation between inactivation and
reduction, although adequate for a first approximation, has one serious
drawback. The information needed to obtain each point on the activity-
reduction graph is the sulfhydryl concentration and the _nzymlc activity
of solutions of identical composition with respect to urea concentration,
pE, temperature, etc.. If the values for reduction and loss of activity
were obtained by assaying two separate solutions, as was the cas^ in the
experiments leading to Figures 7 and 13, it is vei\y difficult to be
certain that the composition of the two solutions was indeed exactly the
same. For example, since the experiments were done at room temperature,
the temperature variable was not rigorously controlled. It was mentioned
in the description of Figure 13 that the pfl at which these experiments
were carried out varied from 8.0 to 8.5. In contrast, the pE of the
experiments summarized in Figure 7 was always 8.0. Certainly, reduction
at the end of two hours in 4 M urea, pE 8.5 cannot be compared meaning
fully with loss of activity at the end of two hours in 4 M urea, pE 8.0.
It was thought advisable, therefore, to determine the relationship between
reduction and inactivation by measuring both the enzyme activity and the
sulfhydryl concentration of a single solution. The use of such a solution
for both assays eliminates distortions in the activity-reduction relation
which may be introduced by the uncontrolled differences which would almost
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Figure 16
A plot of per cent activity versus per cent reduction for ribo
nuclease which was treated with thioglycolic acid at 0 and 4 M urea.
The values for activity and reduction at each concentration of urea
were obtained by extrapolation from the corresponding curves in
Figures 7 and 13.
See text for details.
Figure 17
A summary of all experiments in which ribonuclease was treated
with thioglycolic acid under a variety of conditions of pE and urea
concentration, and the resulting solution assayed both for enzyme activity
and sulfhydryl concentration. Per cent activity is plotted against per
cent reduction. Each symbol represents a specific set of conditions of
ribonuclease concentration, thioglycolate concentration, pE, and urea
concentration. Each dashed line is drawn through a set of points
represented by a single symbol and gives activity as a function of
reduction under one particular set of conditions.
Prior to activity and sulfhydryl assay, the reducing agent was
separated from the protein by 8nion exchange except in the set of
experiments indicated by the half-shaded circles in which separation
was accomplished by alcohol precipitation of the protein.
See text for details.
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invariably be found between two separate solutions, one of which is
assayed for activity and the other for sulfhydryl concentration.
A number of experiments were done under a variety of conditions of
pE and urea concentration in which both the enzymic activity and the
extent of reduction of a single sample were measured. The points
obtained as a result of these experiments are assembled in Figure 17-
Each symbol in the figure represents one set of conditions of ribonuclease
concentration, urea concentration, pE, and thioglycolate concentration.
Usually, a single solution was assayed at various periods of time, thus
obtaining the several points depicted by each symbol. Upon examining
Figure 17, several facts become apparent.
The points in this figure are widely scattered, implying that in
general, there probably is no unique relation between reduction and
inactivation. On the other hand, points obtained from an experiment
involving a specific set of conditions frequently fall along a straight
line. Two such lines are drawn in the figure. Thus, for a given set of
conditions, there is a definite, in fact often a linear relationship
between inactivation and reduction. Eowever, when the results of
experiments in which reduction proceeded under different sets of conditions
are compared, this relationship breaks down.
The position of most of the points in Figure 17 indicates that,
although there is no unique correlation between inactivation and
reduction it is usually not possible to obtain much loss of activity
without some simultaneous reduction. Complete inactivation of the
enzyme is usually accompanied by the reduction of
at least 80 per cent
of the disulfide bonds. Eowever, this generalization does not apply to
the 2 groups of points representing reduction at pE 9 in "_ -8 M urea"
and reduction at pE 3 in "4-8 M urea."

oO.
These points summarize the results of several experiments in which
ribonuclease was treated with thioglycolic acid in solutions 2 M in urea
at pE 9 or 4 M in urea at pE 3. Samples of partially reduced protein
were then added to the ion exchange column and the column washed with
8 M urea. The effluent from the column was found to have less enzyme
activity than the sample originally added to the column. (See Section
III-B-2-b.) As indicated in Figure 17, these effluent samples were less
active relative to the extent of reduction than were samples of partially
reduced protein obtained in other experiments. It would seem that the
protein had been inactivated by some means other than reduction. It is
possible, for instance, that, in 2 M urea a single protein disulfide bond
was reduced. The cleavage of one such bond may not have resulted in
extensive changes in secondary structure . Eowever, when the partially
reduced protein was exposed to 8 M urea on the column, it may have been
denatured irreversibly, thus losing activity without further disruption
of disulfide bonds. Indeed, since the thioglycolate was rapidly absorbed
by the ion exchange resin, it seems probable that little if any reduction
of the protein took place on the column.
The inactivation of the protein which occurred in acid solutions
of reducing agent and urea may be understood, perhaps, in similar terms.
It has already been mentioned that the reduction of disulfide bonds is
expected to take place much more rapidly at alkaline than at acid pE.
It was found, however, that the protein, when treated with thioglycolate,
lost activity almost as rapidly at pB 3 as at pE 10. A-though some
reduction did occur at pE 3, the relative loss in activity was much
greater than the extent of reduction. The reasons for this inactivation
are not understood, but one possibility is that a limited amount of
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reduction at this pB was accompanied by denaturation of the protein which
was responsible for the marked activity loss. (Although inactivation at
pE 3 V38 demonstrated on many occasions, the only experiment in which
both inactivation and reduction at pE 3 were measured was complicated by
the change in urea concentration, from 4 M to 8 M, mentioned in the pre-
ceeding paragraph. Even though this complication makes interpretation
of the experimental results difficult, inspection of Figure 17 reveals
that the extent of inactivation, relative to a fixed amount of reduction,
was greater at pE 3 in "4-8 M urea" than at pE 9 in "d-8 M urea." Further
experiments will have to be done to determine more precisely the extent
of reduction at acid pE.)
The data presented in Figure 17 may be compared with the results
obtained by Anfinsen and collaborators already referred to in Section
I-C-3-b. These investigators studied the reduction of ribonuclease by
thioglycolic acid at pE 8.5, both in 0 M and in 8 M urea. It was claimed
that under these conditions, the reduction of one or two disulfide bonds
could be accomplished without significant loss of activity. Other
workers (13) have repeated Anfinsen' s experiments, but have not been able
to confirm his results. In the present study, it has usually not been
possible to achieve much reduction without concomitant loss of activity.
It is possible that the differences between Anfinsen1 s results and
our own may be explained by the hypothesis that the properties of the
reduced protein, including its biological activity, depend on the path by
which reduction is attained. Some methods of reduction, for instance,
may be accompanied by more extensive denaturation than others, with
conseauent differences in the enzymatic activity of the resulting protein.
It becomes apparent then, that the results of treatment with agents such
as thioglycolic acid must be interpreted in ter___ of the effects of such
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agents not only on the disulfide bonds, but on all aspects of the
secondary structure of the protein.
In a simplified fashion, one may conceive of the ribonuclease
molecule as a folded polypeptide chain, the arrangement of which is
constantly shifting with weak seconoary bonds breaking and reforming.
The momentary unfolding of a portion of the molecule near a disulfide
bond may enable the reducing agent to penetrate to the disulfide site
and to reduce the bond . The ability of urea to break hydrogen bonds
shifts the equilibrium in the direction of the unfolded molecule and
greatly facilitates reduction. The data obtained on the effect of
phosphate in inhibiting the inactivation of the enzyme by thioglycolic
acid (see Section III-B-1-a) indicate that phosphate ions probably
stabilize the molecule in its folded configuration and thus prevent the
reducing agent from reacting with the disulfide bond. The reduction of
disulfide bonds usually results in lose of enzymatic activity, the extent
of this loss in each case depending in part on the number of bonds broken,
and in part on the changes in the secondary structure of the protein which
accompany reduction.
The interrelation between the native, the reversibly denatured, and
the reduced protein may be summarized as follows: (Based on similar
formulations by Liener (58) and Klee (48)).
urea
x
-"" ~*~^> "^
Ribonuclease . Ribonuclease Ribonuclease
> #*
native denatured ? reduced
p04
The dashed arrows represent different possible paths of reduction,
leading to proteins which are reduced to the same extent but which differ
in other properties. The short arrow with the question mark is inserted
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to indicate that reoxidation of the reduced protein may occur, with
reappearance of some of the activity lost on reduction. That such
reactivation occurs under certain circumstances has be n indicated by
our work and that of Anfinsen, but the exact conditions remain to be
defined.
It would be of considerable interest to study in more detail the
different paths leading from native to reduced and inactivated ribo
nuclease. Of special interest is the mechanism of the inactivation of
ribonuclease in acid solution of mercaptan. The nature of the reaction
between agents containing disulfide groups and mercaptans in acid solution
is not completely understood. It would be important to determine whether
disulfide exchange reactions (see Section I-C-3-b) of the sort that occur
at alkaline pE, also take pla^e at acid pE. For the case of ribonuclease,
this problem could be invest:', ca ted by attempting to isolate the mixed
disulfide of cysteine and thioglycolic acid from ribonuclease which has
been treated with thioglycolate. Such a mixed disulfide would be formed
during the course of the disulfide exchange reaction. Techniques for
identifying this compound have been described (54) .
That such exchange reactions probably do not occur at acic pPI is
indicated by the work of Lamfrom and Nielsen (54). These investigators
showed that in the exchange reaction between cystine and thioglycolic
acid, the active form of the mercaptan was the mercaptide ion. This
anion would not be present in significant amounts in acid solution. In
addition, Ryle and Sanger (79) found that the exchange reaction between
L-cy.. tine and dinitrophenol labeled L-cystine in acid solution was
inhibited by thiols. ^n the basic of available evidence, therefore, it
seems likely that disulfide exchange does not occur in acid solutions of
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ribonuclease anc thioglycolate. The inactivation, as well as the limited
degree of reduction found, probably comer- about by means of come other,
as yet undefined, mechanism.
The possibility that the protein is denatured in acid solution in
the presence of mercaptan has already been mentioned. It would be of
interest to examine this possibility arid, indeed, to investigate the
secondary structure of modified protein obtained by reduction under a
variety of conditions. Additional information about the reduction
reaction could be obtained by studying the rate and order of cleavage
of the individual disulfide bonds of the protein. For instance, it would
be important to determine the effect of pE on the relative facility with
which these bonds are broken. It seems clear that such detailed studies
will be necessary if the complex interrelation between reduction of
disulfide bonds and enzyme activity is to be understood.

V. REFERENCE .
65-
1. Alexander, N. M., Anal. Chem. 30 1292 (1958)
2. Allen, R, S. and Murlin, J . R . , Proc. Soc . Exp. Biol. Med. 22 492 (1925)
3. Anfinsen, C. B., Biochim. et Biophys. Acta 17 593 (1955)
4. Anfinsen, C. B., in Symposium on Protein Structure (A. Neuberger, ed.)
Methuen & Co. LTD, London, (195$)
5. Anfinsen, C, B., Flavin, M. and Farnsworth, J., Biochim. et Biophys.
Acta 9 468 (1952)
6. Anfinsen, C. B., Redfield, R. R., Choate, W. L., Page, J. and Carroll,
W. R., J. Biol. Chem. 207 201 (1954)
7. Anfinsen, C. B., Earrington, W. F., Evidt, A., Linderstr^m-Lang, K. ,
Ottesen, M. and Schellman, J. A., Biochim. et Biophys. Acta 17 141 (1955)
8. Anfinsen, C. B. and Redfield, R. R., in Advances in Protein Chemistry
(M. L. Anson, K. Bailey, and J. T. Edsall, eds.) Vol. XI,Academic
Press, Inc., New York (1956)
9. Bailey, J. L., Biochem. J. 67 21P (1957)
10. Bain, J. A. and Rusch, E. P., J. Biol. Chem. 153 659 (1944)
11. Benesch, R. E., Lardy, E. A. and Benesch, R., J. Biol. Chem. 2l6
663 (1955)
12. Blatherwick, N. R., Bischoff, F., Maxwell, L. C, Berger, J. and
Sahyun, M., J. Biol. Chem. 7 57 (1927)
13. Brown, U.K., Delaney, R., Levine, L. and Van Vunakis, H., J. Biol.
Chem. In press
14. Buzzell, J. G. and Tanford, C, J. Phys . Chem. 60 1204 (1956)
1-. Davis, F. F. and Allen, F. W., J. Biol. Chem. 217 13 (1955)
16. Dickman, S. R., Aroskar, J. P. and Kropf, R. B., Biochim. et
Biophys. Acta 21 539 (1956)
17. Doty, P. and Geiduschek, E. P., in The Prote ins (E. Neurath and
K. Bailey, eds.) Vol. 1A, Academic Press, New York (1953)
18. Eckar, E. E. and Pillemer, L., J. Exp. Med. 71 585 (1940)
19. Edelhoch, E. and Coleman, J., J. Biol. Chem. 21 351 (1956)

66.
Edman, P. and Diehl, K. , Second Interna t. Congress Biochem.,
Resumes, p. 5 1, Paris (195_T~
Fraenkel-Conrat, E., Simpson, M. E. and Evans, E. M., J. Biol.
Chem. 142 107 (1942)
Fraenkel-Conrat, E., Bean, R. S. and Lineweaver, E., J. Biol.
Chem. 177 385 (1949)
Fraenkel-Conrat, J. and Fraenkel-Conrat, E., Biochim. et Biophys.
Acta 5_ 89 (1950)
Fraenkel-Conrat, E., Mohammad, A., Ducay, E. D. and Mecham, D. K. ,
J. Am, Chem. Soc . 7j 625 (1951)
Freudenberg, K. , Dirscherl, W. and Eyer, E.. Z. Physiol. Chem.
187 89 (1930)
Fruton, J. S. and Simmonds, S., General Biochemistry, 2nd Ed., John
Wiley & Sons, New York (1958), p. 878
Gaylord, N. G., Reduction with Complex Met8l Eydride3, Interscience
Pub., New York (1956)
Gillespie, J. M., Nature 183 322 (1959)
Greenstein, J. P., Carter, C. E. and Chalkey, E. W., Cold Spring
Earbor Symposia Quant. Biol. 12 64 (1947)
Gregory, J. D., J. Am. Chem. Soc. 77 3922 (1955)
Grunert, R. R. and Phillips, P. E., Arch. Biochem. _0 217 (1951)
Gunsalus, I. C, Barton, L. S. and Gruber, W., J. Am. Chem. Soc.
78 1763 (1956)
Gutcho, M. and Laufer, L., in Glutathione, A Symposium (S. Colowick,
A. Lazarow, E. Racker, D. R. Schwerz, E. Stadtman, E. Waelsch, eds.)
Academic Press, New York (1954)
Eakim, A. A., Enzymologia 18 24l (1957)
Earrington, W. F. and Schellman, J. A., Compt.-rend. trav. Lab.
Carlsberg, Ser. Chim. 3 ?1 (1950
Eirs, C. E. W., Moore, S. and Stein, W. E., J. Biol. Chem. 200
493 (1953)
Eirs, C. E. W., Stein, W. E. and Moore, S., J. Biol. Chem. 211
941 (1954)
Eirs, C. E. W., Moore, S. end Stein, W. E., J. Biol. Chem. 212
623 (1956)
.'
"7
39- Eirs, C. E. W., Stein, W. E. and Moore, 3., J. Biol. Chem. 221
151 (1956)
40. Eirs, C. E. W., Stein, W. E. and Moore, S., in Symposium on Protein
Structure (A. Neuberger, ed . ) Methuen & Co. LTD, London (19c8)
41. Eolden, M. and Pirie, N. W., Biochem. J. 60 53 (1955)
42. Eopkins, F. G., Biochem. J. 19 787 (1925)
43. Euggins, M. L., Chem. Revs. 32 195 (1943)
44. Eughes, W. L., in The Prote ins (E. Neurath and K. Bailey, eds.)
Vol. IIB, Academic Press, New York (1954)
45. Evidt, A., Biochim. et Biophys. Acta 18 306 (19C5)
46. Ingram, V. M., Biochem. J. ^2. 6-3 (1955)
47. Kauzmann, W., in The Mechanism of Enzyme Action (W . D . McElroy and
B. Glass, eds.) Baltimore (1954j~
48. Klee, . A., The Guanidlnation of Ribonuclease PhD thesis Yale
Univ. (1958)
49. Klee, W. A. and Richards, F. M., J. Biol. Chem. 229 489 (1957)
50. Kolthoff, I. M. and Earris, W. E., Ind . and Eng. Chem., Anal. Ed.,
18 161 (1946)
51. Korman, S. and Clarke, E. T., J. Biol. Chem. 221 11 3 (1956)
52. Kunitz, M., J. Gen. Physiol. 24 15 (1940)
53. Kunitz, M., J. Biol. Chem. 164 563 (1946)
54. Lamfrom, E. and Nielsen, S. 0., Compt.-rend. trav. Lab. Carlsberg,
Ser. Chim. 30 349 (1958)
55. Laskowski, M., Jr. and Scheraga, E. A., J. Am. Chem. Soc. 76
6305 (19C4)
56. Ledoux, L., Biochim. et Biophys. Acta 11 517 (1953)
57. Ledoux, L., Biochim. et Biophys. Acta 13_ 121 (1954)
58. Liener, I. E., J. Biol. Chem. 22J_ 1061 (1957)
^0. Linderstr^m-Lang, K. , Symposium on Peptide Chemistry, Special
publication No. 2, The Chemical Society, London (K'55)
60. Lindley, H., J. Am. Chem. Soc. 77 4927 (1955)
61. Lowry, 0. E., Rosebrough, N. J., Farr, A. L. and Randall, R. J.,
J. Biol. Chem. 193 265 (1951)
J I
62. Martin, A. J. P. and Porter, R. R., Biochem. J., 4g 215 (1951)
63. McDonald, M. R., J. Gen. Physiol. 'J_ 39 (1948)
64. Mirsky, A. E. and Anson, M. L., J. Gen. Physiol. 18 307 (1935)
65. Mirsky, A. E. and Pauling, L., Proc . Nat. Acad. Sci. 22 439 (1936)
66. Moore, S. and Stein, W. E., J. Biol. Chem. 211 907 (1954)
67. Moore, S., Cole, R. D., Gundlach. E. G. ana Stein, W. E., Fourth
International Cong. Biochem. , Symposium No. 8, Preprint No. 11,
Vienna (1958)
"
68. Olcott, B. S. and Fraenkel-Conrat, H., Chem. Revs. 41 151 (1947)
69. Pauling, L., Corey, R. B. and Branson, E. R., Proc. Nat. Acad. Sci.
-37 205 (195D
70. Pechere, J.-F., Dixon, G. E., Maybury, R. E. and Neurath, E., J.
Biol. Chem. 233 1364 (1958)
71. Perlmann, G. E., in Advances in Protein Chemistry (M. L. Anson,
K. Bailey, and J. T. Edsall, eds.) Vol. X, Academic Press, Inc.,
New York (1955)
72. Porter, R. R. and Sanger, F., Biochem. J. 42 287 (1948)
73. Putnam, F. W., in The Proteins (E. Neurath and K. Bailey, eds.)
Vol. IB, Academic Press, New York (1953)
74. Raacke, I. D. and Li, C. E., Biochim. et Biophys. Acta 14 290 (19c4)
75. Rabinovitch, M. and Barron, E. S. G., Biochim. et Biophys. Acta
18 316 (1955)
76. Redfield, R. R. and Anfinsen, C. B., J. Biol. Chem. 221 385 (1956)
77. Richards, F. M., Proc. Nat. Acad. Sci. 44 162 (I058)
78. Roth, J. S., Arch. Biochem. and Biophys. 44 265 (1953)
79. Ryle, A. P- and Sanger, 1., Biochem. J. 60 535 (1955)
80. Ryle, A. P., Sanger, F., Smith, L. F. and Kitai, R., Biochem. J.
60 541 (1955)
81. Ryle, A. P- and Anfinsen, C. B., Biochim. et Biophys. Acta 24 633
(1957)
82. Sanger, F-, Nature 160 295 (1947)
83. Sanger, F., Bull. Soc. chim. Biol. 37 23 (1955)
84. S-nger, F. and Tuppy, H., Biochem. J. 4_9 463, 48l (1951)

69.
Schellman, J. A., Compt.-rend. trav. Lsb. Carlsberg, Ser. Chim. 2?_
2:0 (1955)
Schlesinger, E. I., drown, E. C, Eoekstra, E. R. and Rspp, L. R . ,
J. Am. Chem. Soc. 75 199 (1953)
Sela, M., White, F. E. and Anfinsen, C. B., Science 125 691 (1957)
Sela, M., White, F. E. and Anfinsen, C. B., Biochim. et Biophys.
Acta Jl 417 (195?)
Shugar, D., Biochem. J., _2 142 (1952)
Spackman, D. E., Moore, S. arid Stein, W. E., Federation Proc. Ed
252 (1957)
Stauff, J. and Duden, R., B. Zeitschrift 3J1 10 (1958)
Steinhardt, J., J. Biol. Chem. 122 543 (1938)
Stern, K. G. and White, A., J. Biol. Chem. 117 95 (1937)
Swan, J. M., Nature 180 643 (1957)
Taborsky, G., Compt.-rend. trav. Lab. Carlsberg, Ser. Chim. 3_0_
309 (1958)
Tanford, C, in Symposium on Protein Structure (A. Neuberger, ed.)
Methuen 8c Co. LTD, London, "(1958)
Tanford, C, Eauenstein, J. D. and Rands, D. G., J. Am. Chem. Soc.
77 6409 (1955)
Tanford, C. and Eauenstein, J. E., Biochim. et Biophys. Acta r~>
535 (1956)
Tanford, C. and Eauenstein, J. D., J. Am. Chem. ?oc . _s 5287 (1T^)
Taylor, J. F., Green, A. A. and Cori, G. T., J. Biol. Chem. 173
591 (1948)
Vigneaud, V. du, "itch, A., Pekarek, E. and Lockvood, W. V., J. Biol.
Chem. 94 233 (l'-;l)
Weil, L. and Seibles, T. S., Arch. Biochem. and Biophys. 5_4 368 (1955)
Wintersteiner, 0., J. Biol. Chem. 102 1!73 (1933)
Zittle, C. A., J. Biol. Chem. 16? Ill (1946)





YALE MEDICAL LIBRARY
Manuscript Theses
Unpublished theses submitted for the Master's and Doctor's degrees and
deposited in the Yale Medical Library are to be used only with due regard to the
rights of the authors. Bibliographical references may be noted, but passages
must not be copied without permission of the authors, and without proper credit
being given in subsequent written or published work.
This thesis by has been
used by the following persons, whose signatures attest their acceptance of the
above restrictions.
NAME AND ADDRESS DATE

